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Summary
This thesis has compiled all the research and development work that I have
carried out on opto-electronics systems, for the past five years, to demon-
strate a Cubesat compatible entangled photon pair source in low earth orbit.
Such compact, space qualified quantum light resources will be in demand
for future space based quantum communication networks and cryptographic
applications like quantum key distribution (QKD).
In 2012, by the time I started my project, there were no reported evi-
dence that an entangled source can reliably work in space environment. All
the contemporary space aimed QKD and other quantum experiments were
progressed based on the implicit assumption that entangled sources can sur-
vive pre-flight qualification tests (vibration and thermal-vacuum), followed by
a rocket launch, then a deployment mechanism into space and ultimately, the
space environment. The main reasons for not just demonstrating an entan-
gled source in space is due to the prohibitive costs involved in building large
satellites to host bulky entangled photon pair sources and long development
cycles.
Instead, this project took a di↵erent approach to use an emerging nano
satellite standard called CubeSats, which is a 10 cm cube size small satellite.
The CubeSat standard puts restrictions on their payloads in terms of size,
weight and power consumption. Thus, significant e↵orts in miniaturisation
(mechanical and crystal geometries) are required when designing the optical
source and a power e cient electronics platform design is the key to remain
within the CuebSat standard.
xx
I started from scratch and developed power e cient electronics subsys-
tems to control the opto-electronics which are necessary to build entangled
photon pair sources. Later, these subsystems were integrated into a CubeSat
form factor platform and assembled the first generation small photon entan-
gling quantum system-correlated sources (SPEQS1.0-CS) which is a reduced
geometry of entangled photon pair sources.
In the early stages of the project, the technology readiness level of the
chosen opto-electronics, micro electronics and crystal assembling and holding
techniques can be assessed by monitoring the performance of SPEQS1.0-CS
devices. Then, in the final stages of the project, only the robust subsystems
will be qualified for the successor designs to host entangled photon pair sources
in space.
In this thesis, I present the development of such a complete electronics
platform to host correlated photon pair sources on board CubeSats and its
in orbit performance for a period of nine months. This dissertation will also
report further developments that have been carried out on electronics to host
the next generation entangled photon pair sources onboard CubeSats.
xxi
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This chapter is dedicated to give an overview of the contemporary crypto-
graphic techniques and the challenges to be faced in near future with the
advent of quantum computers. Subsequently, some genius ideas which are
based on the principles of quantum mechanics, proposed by other researchers
around the globe for the past few decades will be discussed. Finally, a cost
e↵ective and a faster means of realising one of the proposed solutions for
secure communications in global scale will be presented.
1.1 Conventional Cryptography
Cryptography enables delivery of a message to an authorised party without
allowing an unintended party to gain any information. It has evolved from
the substitution type Ceaser ciphers to more complex mathematics based
algorithms to fulfil the security demands of modern digital secure communi-
cation applications. In near future with the realisation of quantum comput-
ers, quantum safe cryptographic techniques will be required, as most of the
contemporary crypto systems in which the security relies on computational
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di culty, can be attacked by powerful computers.
Any cryptographic system which does not rely on the properties of quan-
tum systems to achieve its information security can be classified as a con-
ventional (classical) crypto system. In cryptography, an extra information (a
key) is added to the original message in a systematic way (by an algorithm)
to create a scrambled message which is known as a cryptogram. The keys
used in this process must be random so that the cryptogram will also inherit
the randomness in it. This makes the cryptogram di cult to be cracked by a
third party without possessing the exact key. Thus, the security of a crypto
system relies on the randomness of the key.
In a cryptographic context, the authorised communicating parties (sender
and receiver) are known as Alice and Bob and any eavesdropper is called
as Eve. Even though the main application of a cryptographic system is to
achieve confidentiality, other important applications like digital signatures,
authentication etc. have also been emerged.
Modern classical crypto systems can be classified into two distinct classes
based on the keys used by Alice and Bob for encryption and decryption. In a
private key cryptography system, the same key (symmetric) is used by both
parties for encryption and decryption. On the other hand, public key crypto
systems use di↵erent keys (asymmetric) for encryption and decryption. Both
types of crypto systems are being heavily used in di↵erent layers of digital
secure communication systems and will be discussed in the next section.
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1.2 Public Key Cryptography and Security
The idea of using two di↵erent keys (hence the name asymmetric) for en-
cryption and decryption was first proposed by Whitfield Di e and Martin
Hellman in 1976 [1]. Later, the idea was implemented by R. L. Rivest, A.
Shamir and L.M Aldeman in 1978 [2] which is widely known as the RSA
algorithm. The idea behind the public key cryptography can be understood
by looking into the details of the RSA algorithm.
In the RSA, the receiver (i.e. Alice) chooses two large prime numbers (p,
q) and calculates a private key (d) based on the numbers  (n) = (p 1)(q 1)
and “e” such that  (n) and “e” are co-prime. Here “d” is the modular
multiplicative inverse of e mod( (n)). Then the key (n, e) where n = pq will
be publicly available for any sender who wishes to send a message (m) to
Alice secretly. The encrypted message (c) is given by c = me mod(n). This
cryptogram can be decrypted e ciently (with a reasonable amount of time)
by the private key (d,n) and the message can be extracted by performing cd
mod(n) = (me)d mod(n) = m.
If an eavesdropper is capable of determining either p or q within a su cient
time, then d can be calculated and the security of the crypto system will no
longer be assured. Thus, security of the RSA based crypto systems rely on
the integer factorisation di culty of large prime numbers. Until now, no
classical algorithm has been reported that can perform large prime number
factorisation e ciently [3].
State-of-the-art prime number factorisation demonstration was performed
for RSA-768 which uses a 768 bit key (i.e. 232 decimal digits) for encryption.
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It has used the number field sieve factoring method implemented in hundreds
of parallel computers to calculate the prime number combination for a given
large integer [4]. According to the authors, if sieving was run on a single core
AMD Opteron processor (at 2.2GHz), it would take 1500 years to complete
the calculation.
Generally, such a computation can be classified as a “di cult” task for
classical computers. In a computational context, a “di cult” task means that
the time required to perform a task grows exponentially with the number of
input bits and an “easy” task can be performed in polynomial time with the
number of input bits.
In quantum computing, it has been shown that quantum algorithms exist
which can perform large integer factorisation in polynomial time. In 1994,
Peter Shor discovered such a quantum algorithm which is widely known as
the Shor algorithm [5]. This algorithm is capable of performing an integer
factorisation in O(n3) time with a O(n) space for a “n” bit integer. Thus,
the RSA and other public key crypto systems such as Discrete logarithms[6],
Elliptic Curve Cryptography [7] which are not quantum safe (i.e. not safe from
quantum attacks) can be broken with the realisation of quantum computers.
Furthermore, It is not proven that no e cient classical algorithm exists to
carry out these “di cult” computational tasks in polynomial time. Currently,
the security of such cryptographic systems rely on the assumption that these
computations are “di cult” to perform with classical computers.
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1.3 Private Key Cryptography and One Time Pads
A provably secure crypto system [8] can be achieved when both parties use the
same key (symmetric) for encryption and decryption, provided that the key
is used for one time. This is called the one-time-pad (OTP) and proposed by
Gilbert Vernan [9] in 1917 and later proved to be secure by Claude Shannon
in 1949 [8].
In this method, a random symmetric key (k) which has exactly the same
number of bits as the message (m) is used to generate a cryptogram (c = m
  k) where   represents the binary addition modulo 2. If the key is random,
then the corresponding cryptogram will also be random and it would be an
impossible task for an eavesdropper to crack it without the exact key. When
Alice receives “c”, a similar operation will be carried out on it in order to
decrypt the message (c   k = m   k   k = m).
When k is random and used as an OTP, an eavesdropper cannot build up
adequate information on keys, which makes it the only provably secure crypto
system known to date. Such an information-theoretically secure system can-
not be cracked even if an eavesdropper has access to an unlimited amount of
computational power.
The OTP is expensive to implement and maintain due to its key man-
agement di culties. Here the di culty arises when the two parties have to
maintain a large quantity of keys (a new key for each message) and replenish
the keys once they are depleted. Either the two parties have to meet in pri-
vate or have to trust a third party to manage the keys on behalf of them. The
former method is costly and ine cient while the latter may lead to trust is-
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sues when it comes to very sensitive information as the third party has access
to the private keys.
Even though the OTP is not practical with current technologies, other
classical symmetric cryptographic protocols exist, and some of them can be
classified as quantum safe. For instance, the Advanced Encryption Standard
(AES), which is based on a subset of Rijndael ciphers, utilises symmetric keys
to encrypt and decrypt messages [10]. Rijndael represents a family of block
ciphers with di↵erent keys and block sizes. The quantum safe classification
of the AES can be understood by examining one of its implementations.
In the AES-128 standard, the first step of the encryption involves in gen-
erating round keys using the cipher key (symmetric) based on the Rijndael’s
key schedule. Encryption is achieved by running the same algorithm for a
designated number of rounds. The number of rounds required for AES-128 is
10 and the key size determines the number of rounds required for encryption.
Each round consists of four steps: SubBytes, ShiftRows, MixColumns and
AddRoundKey. The AES-128 encryption can be understood by putting a 16
byte message (i.e. 128 bits) into a 4 ⇥ 4 array which is known as the state.
In the initial round, each byte of the state is XOR with a byte from the first
round key. After that for the rest of the rounds, except for the last, the above
four steps will be performed.
In the SubByte step a non-linear byte transformation is carried out using
Rijndael’s S-box where each byte in the state is replaced by an another byte
based on a look up table. Then in the ShiftRows step, a cyclic left shift of
bytes are performed on rows (except the first row). After that each column
of the state is multiplied with a fixed polynomial. These two steps provide
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su cient di↵usion to the message as described in [8] to achieve the required
security. In the fourth step, the state bytes are XOR with the bytes of the
next round key. In the last round MixColumns will not be performed.
The security of the AES is robust against current classical attacks as it
requires a computational complexity of 2126.1 on AES-128 and 2254.4 on AES-
256 [11] to determine the key. On the other hand, the quantum algorithm
called Grover search [12] which was originally proposed to search an unsorted
database entry out of N entries requires O(N
1
2 ) time compared to its classical
counterpart (O(N)). Thus, the Grover search can brute-force a symmetric key
in O(N
1
2 ) iterations. It has also been proved that there exists no quantum
solution to solve such a problem in lesser than O(N
1
2 ) iterations [13]. This
puts the Grover search algorithm at the asymptotic bound for cracking sym-
metric keys with quantum algorithms. This suggests that the Grover search
can brute-force a symmetric key (say n bits) in approximately 2
n
2 iterations.
So every time when quantum computers become more powerful the symmet-
ric key length of the AES can be increased (doubled) to make it a “di cult”
computational problem for a quantum computer.
In modern context of cryptographic implementations, the public key crypto
systems are being used for secure distribution of symmetric keys for other ap-
plications. For instance, during a secure file transfer web session with the
transport layer security (TLS) enabled, the following steps are performed.
First both the client and server authenticates via the public key cryptogra-
phy. Then the client uses a public key to encrypt the session key and sends
it to the server and subsequently, it will be used for data encryption. This
session (symmetric) key will be used with the selected flavour of private key
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protocol (e.g. AES-128/256) for secure communication.
This method increases the system e ciency as public keys are an e cient
way of transmitting symmetric keys for a secure communication sessions. In
such an implementation, still the symmetric key distribution process relies on
public key infrastructure which is not provably secure.
Quantum information science provides an elegant solution for symmet-
ric key distribution based on quantum physics. Unlike a classical system,
the security of the crypto system can be traced back to the fundamentals of
quantum physics. The upcoming sections describe the foundations of quan-
tum information science and some useful concepts required to understand
quantum cryptographic concepts.
1.4 Qubits
In quantum information science, quantum particles such as photons, elec-
trons, atoms or any other two level quantum system can be used to encode
classical bits in their physical states such as photon polarisation, atomic en-
ergy, electron spin etc. Such a two level quantum system is coined as a “qubit”
which is the quantum analogue of a classical bit. A distinguishing property
of a qubit from its classical counterpart is its ability to have a superposition
state between 1 & 0 [14].
In quantum mechanics, the computational basis of a two state system is
written as |0i and |1i in Dirac’s Bra-ket notation and these two states can
represent the bit values 0 & 1 respectively. According to the superposition
theorem any pure qubit state can be written as a linear superposition of its
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basis states as ↵ |0i +   |1i where ↵ and   are complex numbers. When
such a qubit is measured in the computational basis {|0i, |1i}, the state
collapses to either |0i or |1i with |↵|2 or | |2 probabilities respectively. Thus,
a measurement in the computational basis results in a single bit of classical
information and the state of the qubit collapses to the corresponding basis
state. Any subsequent measurement will result in no additional information.
1.5 Quantum Entanglement
When more than one qubit are interacting, the allowable states are given by
the superposition principle. For example, if two qubits have interacted the
possible states are |0i⌦ |0i, |0i⌦ |1i, |1i⌦ |0i and |1i⌦ |1i where ⌦ represents
the tensor product between the states. Thus the general state of a two qubit
system can be written as
| i = ↵00 |0i ⌦ |0i+ ↵01 |0i ⌦ |1i+ ↵10 |1i ⌦ |0i+ ↵11 |1i ⌦ |1i (1.1)
.
A measurement on such a composite state reveals two bits of information
with a probability amplitude given by |↵ij |2, where i,j = {0,1} .
Given a general state like the one above, we tend to think that any such
composite state can be decomposed into two separate sub-systems all the
time. This is not true for some special states like
| i = ↵ |0i ⌦ |0i+   |1i ⌦ |1i (1.2)
Such states which cannot be decomposed into a tensor product of two
separate sub-systems are called as entangled states. For these states, the
individual state of one qubit cannot be measured without a↵ecting the state
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of the other qubit. For instance, if we measure the first qubit of the entangled
state (equation 1.2) in the computational basis, with |↵|2 probability we get
|0i ⌦ |0i and with | |2 probability we get |1i ⌦ |1i. Another measurement
on the second qubit results in |0i with certainty if the first qubit was in |0i
state and vice versa. This property also holds true irrespective of the physical
distance between the two entangled particles.
Another interesting property of an entangled state is that the state mea-
surement is independent of the measurement basis. Four such states which are
important in quantum computation are the maximally entangled two qubit
states (i.e. Bell states) which can be written as
   ±↵ = 1p
2
[|0i ⌦ |0i± |1i ⌦ |1i] (1.3)
   ±↵ = 1p
2
[|0i ⌦ |1i± |1i ⌦ |0i] (1.4)
.
1.6 Bell’s Inequalities
The concept of quantum entanglement originated from the well known EPR
paper proposed by Einstein et al [15], in 1935. A measurement carried out on
one qubit of an entangled state (such as | +i = 1p
2
[|0i ⌦ |0i+ |1i ⌦ |1i]) has
already defined the state of the other qubit with certainty and irrespective
of their physical separation distance. Thus, Einstein et al. argued that the
state function representation of quantum mechanics is not a complete repre-
sentation of the underlying physical system and some local hidden variable
theory a↵ects measurement outcomes.
Later, these ideas led to the formalism of Bell’s inequalities by John Bell
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in 1964, which are a set of inequalities that must be satisfied by any local
hidden variable theory [16]. For a two party Bell test this can be simplified to
a CHSH inequality [17] with a Bell parameter defined as S. In an experiment,
this value is calculated by recording the correlations coe cients (E( #»a ,
#»
b ))
between two measurements settings ( #»a ,
#»
b ) maintained by two parties (say
A and B). Then S is defined for four measurement settings (two settings for
each party) as below
S = E( #»a ,
#»
b )  E( #»a , #»b 0) + E( #»a 0 , #»b ) + E( #»a 0 , #»b 0) (1.5)








) are the measurement settings at A and B re-
spectively. For a Bell state, a certain set of relative measurement settings (see
equation 1.6), quantum mechanics predicts a maximum value of S = 2
p
2
when the predicted classical limit is S = 2.
( #»a ,
#»
















) = 67.5  (1.6)
The first experimental verification of Bell’s inequalities was performed
by Freedman et al. [18] with polarisation entangled states generated by an
atomic cascade of calcium in 1972. This experiment showed a clear violation
of the CHSH inequality, and confirmed the quantum mechanical predictions.
Then the first complete Bell test was carried out by Aspect et al. [19] in 1982
and the experiment violated the CHSH inequality by 83% of its maximally
predicted value by quantum mechanics.
Soon after this pioneering experiment, many experiments of Bell tests were
performed and all of them confirmed the predictions of quantum mechanics.
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These experiments were mainly focused on closing the locality and detec-
tion loopholes associated with practical Bell type experiments. The locality
loophole means that during a Bell type experiment, one measurement setting
influences the other side’s measurement outcome when the space like distance
between the two sites is accessible at the speed of light. The other major loop
hole is the detection e ciency or the fair sampling loophole which emphasises
on less than unity detection e ciencies associated with the detectors. Thus,
the fair sampling assumption accepts that the detected sample represents the
complete system. State-of-the-art loop hole free Bell’s violation experiment
has been performed by Hensen et al. [20] in 2015.
1.7 Quantum Key Distribution
As pointed out in a previous section, classical symmetric key (e.g. AES)
crypto systems are implemented atop of public key infrastructure, which has
helped to ease the private key management to some extent. As public key in-
frastructure is not quantum-safe, a more secure way of distributing symmetric
keys is in demand. A family of solutions based on quantum signals which are
collectively known as quantum key distribution (QKD) can be used.
The inability to measure a quantum system without perturbing its state
and no cloning property [21] of an unknown quantum state make qubits an
ideal candidate for secure communication. A QKD protocol defines the clas-
sical bit encoding mechanism for qubits and how a symmetric key can be
generated between two authenticated parties. Current QKD protocols can be
classified under two categories: prepare-send-measure and measure-only.
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1.7.1 Prepare-Send-Measure QKD Protocols
The very first QKD proposal was a prepare-send-measure type protocol which
was named as BB84 after the inventors: C.H. Bennett and G. Brassard in
1984 [22]. In this protocol, Alice encodes 0 & 1s in orthogonal polarisation
states of photonic qubits and sends them to Bob for measurements. These
polarisation states are generated by heavily attenuating (to single photon
level) coherent laser pulses. Alice uses two non orthogonal bases (rectilinear
and diagonal) randomly and independently to encode an incoming classical








Figure 1.1: In the BB84, binary “0”s and “1”s are encoded in two non orthog-
onal bases (rectilinear and diagonal) randomly and independently by Alice.
Bob also measures these qubits at these two bases randomly and indepen-
dently.
In this protocol, both Alice and Bob are required to choose their encoding
and decoding bases randomly and independently. Thus for BB84, a true
random number generator is required on each side. As a result 50% of the time
they choose the same basis and the measurement outcomes are compatible. At
the end of a communication session, Bob communicates via a public channel
to inform Alice about the chosen bases for each qubit measurement carried out
on his side. This public channel can be insecure, and must be authenticated
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before any communication. Then, Alice replies back to Bob whether the
chosen bases are in agreement with her choices. At this point they discard
the incompatible base results and a raw key is generated which is also known
as the sifted key.
By checking a random set of bits of the sifted key any inconsistency in
the key can be revealed. In absence of noise and measurement errors any
disagreement of the key comes from eavesdropping. An eavesdropper has to
measure the qubits physically before resending them to Bob (i.e. man in
the middle attack) as no cloning theorem [21] prohibits Eve making an exact
copy of a qubit state. Eve’s role is similar to Bob as she has no knowledge
about the Alice’s encoding bases and will be choosing the correct bases 50%
of the time. For all the incorrectly chosen bases her measurement results are
random and the resend qubits to Bob will also result in errors. Finally, after
the information reconciliation and privacy amplification [23] steps in which
some number of bits are discarded from the sifted key, a secure key will be
established between Alice and Bob.
Almost all the protocols proposed after BB84 like BB92 [24], Six-State
Protocol (SSP) [25], SARG04 [26] are variants of BB84. BB92 is a simplified
version of BB84 where only two non orthogonal states (0  & 45 ) are used
to encode classical 0 & 1s. In the SSP, six states are used to encode classical
data under three non orthogonal bases thus making it easier to detect an
eavesdropper. In the SARG04, Alice does not announce the exact basis she
used to encode a bit, rather she announces the two possible non orthogonal
states where the bit can be encoded. If Bob has used the correct basis he will
get the correct outcome.
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As all of these protocols are based on weak coherent laser pulses, in prac-
tice, a pulse may sometime contains more than one photon. In Poissonian
statistics, a mean photon number (< n >) of 0.1 per pulse results in pulses
containing zero photons for 90.48% of the time, pulses containing 1 photon
for 9.05% of the time and more than 1 photon for 0.47% of the time. In such a
case depending on the attack type, Eve may have higher chance of extracting
more information on keys. For instance, in a photon number splitting (PNS)
attack [27], with a weak coherent laser pulse setup of < n >= 0.1, Eve can
store these extra photons in a quantum memory without giving any measure-
ment errors. Once Alice reveals her basis, Eve can perform a measurement on
these photons to get the correct bit value without leaving any measurement
trace. Among the above mentioned protocols, SARG04 is resistant to PNS
attacks [26].
1.7.2 Measure-Only QKD protocols
In 1991, Arthur Ekert proposed a QKD protocol based on quantum entangle-
ment [28] which belongs to the measure-only QKD protocols. In this proto-
col, both parties receive a qubit from an entangled photon pair source. These
qubits are in a maximally entangled Bell state and the entangled photon pair
source can even be hosted by a third party as shown in Figure 1.2. Each
receiver can choose, out of three measurement settings, independently and
randomly in which basis to measure the incoming photon state. Among these
measurement settings two of them are chosen to be same for both parties.
At the end of a key generation session, both parties announce their mea-







Figure 1.2: In the Ekert91 protocol, an entangled photon pair source pro-
vides qubit states (green dots) to Alice and Bob. Each party performs an
independent and random measurement on their respective qubits out of three
measurement settings. Eve has also access to these qubits and measurements
on qubits by Eve or in case the states are not from a true entangled source, a
non violation of a Bell’s inequality between Alice and Bob would reveal such
information.
measurement settings chosen, results can be grouped into two categories:
similar and di↵erent measurement settings. A symmetric, random key can
be established from the measurement outcomes when both Alice’s and Bob’s
measurement settings are same. Depending on the Bell state (e.g.  ±), one
party may have to flip their bit values to achieve the symmetric key.
The outcomes of the di↵erent measurement settings can be exchanged
through the public channel to compute a Bell parameter (S) [17]. If the qubits
received by Alice and Bob are from a true entangled source then S should
violate a Bell’s inequality. A non violation of a Bell’s inequality indicates a
possible third party interference and the key must be discarded.
1.8 Photonic Qubits and Entangled Sources
Qubits can be realised with a variety of two level quantum systems such as
atoms, electrons, photons etc. For the purpose of communication photonic
qubits are attractive due to their speed of light propagation capabilities and
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weak coupling to the environment (resulting in less decoherence). Photonic
qubits can be realised with di↵erent degrees of freedom like polarisation,
energy and time, thus, allowing them to operate in di↵erent medium. For
instance, polarisation encoded qubits show less decoherence in free space and
whereas energy-time encoded qubits exhibit better performance with optical
fiber based systems.
Entangled photon pair sources were first demonstrated using atomic-
cascade decays of materials like calcium by Freedman et al. [18] in 1970s
and Aspect et al. [19] in 1980s. Later, it has been identified that nonlinear
crystals when interacting with high intensity light, are capable of producing
quantum correlations via parametric processes [29], [30]. These techniques
have been adopted for entangled photon pair demonstrations and later be-
came the workhorse for entanglement generation technology in quantum op-
tics experiments.
The first polarisation entanglement based QKD experiments were con-
ducted by Jennewein et al. [31] and Naik et al. [32] in 2000. In these ex-
periments polarisation entangled photons were generated using Spontaneous
Parametric Down-Conversion (SPDC) process. SPDC is reviewed in the next
section as it is the single photon generation technology adopted for all the
experiments described in this dissertation.
1.8.1 Spontaneous Parametric Down-Conversion
In the SPDC process, a high energy pump photon interacts with a nonlinear
crystal and decays into two low energy daughter photons. This is a three
wave mixing process which was first predicted by Louisell et al. in 1961 [33]
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and later formalised by Kleinman [34] and Klyshko [35].
The photon pair generation is spontaneous and the e ciency is as low
as 10 12 per mm length of the nonlinear crystal. These low energy daugh-
ter photons (known as signal and idler) are generated while obeying energy
and momentum conservation and share classical correlations in polarisation,
energy and time. Let the three waves involved in the process (pump, signal






ks respectively. The above two conservation conditions can be written
as







These two equations are known as frequency-matching condition (equation




Figure 1.3: A nonlinear crystal interacting with a high optical field (!p) gen-
erates down-converted photons at collinear angles and di↵erent wavelengths
(!i,!s). Image courtesy of Fundamentals of Photonics by B.E.A Saleh &
M.C. Teich [36].
In the SPDC with !p as the only input, equations 1.7 and 1.8 lead to
multiple solutions. Thus the process produces down-converted photons at
di↵erent wavelengths and emitting angles while satisfying the above two con-
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ditions. The output spectrum can be illustrated as a multispectral cone as
shown in Figure 1.3. Depending on the daughter photons emission angles this
can be further classified as collinear and non-collinear geometry.
Dispersive nature of nonlinear materials causes these three waves to travel
in di↵erent velocities due to wavelength dependent refractive indexes. Thus,
in a general case where the two daughter photons are emitted at non-collinear
angles the phase matching condition satisfies
!ini cos(✓i) + !sns cos(✓s) = !pn3. (1.9)
Here the refractive indexes ni, ns and np depend on the travelling direc-
tions of waves with respect to the non linear crystal’s optical axis and also to
the polarisation and wavelengths of the photons. Here, ✓s and ✓i correspond
to emission angles of the signal and idler photons with respect to the pump
photon direction. The volume constraints (as described in the section 1.12)
have lead to the selection of collinear geometry and the rest of the discussion
will be restricted to the phase-matching conditions in collinear emission.
1.8.2 Collinear Phase Matching
In the collinear geometry where the daughter photons emission directions are
in parallel with the pump direction, the phase matching condition simplifies
to
!ini + !sns = !pnp (1.10)
Thus, the equations 1.7 and 1.10 must be satisfied simultaneously for the
collinear phase matching condition. The polarisation dependent refractive
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index property of an anisotropic medium can be used to achieve the above
two conditions simultaneously.
A uniaxial crystal can be characterised by its optical axis and its fre-
quency dependent ordinary (no) and extra ordinary (ne) refractive indices.
Thus the three waves can posses polarisations in either ordinary or extra
ordinary directions. Any wave with its polarisation oriented along the ordi-
nary direction experiences n(!) = no(!) and in extra ordinary direction it










where ✓ is the angle between the wave propagation direction and the
optical axis. Based on this, it is possible to have signal and idler waves
at same or orthogonal polarisation. This condition is known as Type-I and
Type-II phase matching conditions.
In Type-I collinear configuration which is the chosen geometry for our
experiment, it requires ni = ns = n as polarisation directions of the daughter
photons must be the same. From the two conditions 1.7 and 1.10 we arrive at
n = np. This condition can be satisfied when the pump and daughter photons
are in di↵erent polarisation directions.
For a uniaxial crystal this may be satisfied with either e-o-o or o-e-e con-
figurations where o (ordinary) and e (extra ordinary) represents the polari-
sation directions of the three waves in the order of pump-signal-idler. Based
on the chosen configuration (e-o-o or o-e-e), n✓ can be either ne or no respec-
tively. This allows us to calculate the angle (✓) to be maintained between the
pump and the optical axis of the nonlinear crystal using the equation 1.11 to
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achieve a Type-I, collinear SPDC source. This method of phase matching is
also known as angle tuning.
1.8.3 Polarisation Entangled Photon Pair Sources
A polarisation entangled photon pair source can be designed by putting two
such uniaxial nonlinear crystals together with their optical axes orthogonal to
each other. In such a configuration, the pump beam polarisation is chosen to
be at 45  with respect to the optical axis of each crystal such that the chance
of pump photon’s electric field interacting with each crystal is 50%. The
resulting two cones are spatially and temporally (due to di↵erent refractive
indexes and finite lengths of the crystals) misaligned and by adding spatial
and temporal compensation crystals these two cones can be overlapped.
Photons in this overlapped region correspond to polarisation indistin-
guishable states, as there is no way to distinguish from which crystal each
photon pair is generated. A measurement in the computational basis will
result in either |Hi |Hi or |V i |V i with equal probability, which puts them
in a maximally entangled polarisation state (i.e. a Bell state). Depending on
the phase matching condition (Type-I or Type-II), any Bell state ( ± or  ±)
can be produced.
1.9 QKD Demonstrations and Limitations
Photons based QKD systems are used heavily in the field and experimental
demonstrations due to their comparative advantages over the other physical
quantum systems like spin qubits [37], superconducting qubits [38] etc.. Pho-
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tonic qubits can be distributed between two distant locations through optical
fiber or in free space at speed of light with minimal levels of decoherence with
the environment. The degree of freedom choose to encode qubits will depend
on the quantum channel. For instance, it can be either optical fiber or free
space.
1.9.1 Optical Fiber based QKD
An optic fiber is made of dielectric material such as fused silica glass with
very high chemical purity and can be treated as a waveguide in wave optics.
Depending on the size of the glass material, optical fibers can be either multi
mode (⇠ 50 µm diameter) or single mode (3 µm to 5 µm diameter). Single
mode fibers (SMF) are preferred for quantum applications due to tight spa-
tial condition requirements on light coupling which may reduce unwanted
stray light and low intrinsic attenuation (see Figure 1.4). Even though SMFs
make good quantum channels, their intrinsic losses and the detector back-
ground rates ultimately limit the practical QKD distances. The wavelength
dependent attenuation coe cient of fused silica is shown in Figure 1.4 [36].
The other factor which limits the optical fiber based QKD experiment
distances, is the background rates or the signal to noise ratio (SNR) of the
single photon detectors. These background rates are present in detectors for
any excitation (e.g. thermal) other than light.
Currently, the most e cient ways of detecting single photons are based
on semiconductors and superconductors. Superconducting detectors exhibit
excellent low background rates (few counts/s) and high quantum e ciencies
(> 90%), but require cryogenic temperatures to operate [39] and may not be
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Figure 1.4: The wavelength dependent attenuation coe cient of fused silica
for single and multi mode fibers. At 800 nm band the fiber attenuation is high
as 2 dBkm 1 and falls around 0.3 dBkm 1 at 1.3 µm (telecom band). The
lowest attenuation of 0.16 dBkm 1 is achieved at 1.55 µm (telecom band).
Image courtesy of Fundamentals of Photonics by B.E.A Saleh & M.C. Teich
[36].
the preferable choice for long term field deployable QKD implementations.
On the other hand, semiconductor based detectors such as avalanche pho-
todi d s made of Si (for visible band) and InGaAs/InP (for the telecom
bands) materials are commercially available as compact modules and op-
erate at moderate temperatures. Si based detectors achieve low background
rates (few counts/s) at moderately low temperatures (e.g. 243K) with peak
quantum e ciencies reporting ⇠ 85% at 550 nm [40]. Curr ntly, telecom
band detectors exhibit high levels of background rates and other undesired
e↵ects (e.g. high after pulses [41]) and typically operate below 200K [42] to
achieve moderate background rates. Thus, most of the long distance fiber
based QKD demonstrations use a combination of telecom band fibers and
superconducting detectors.
On the other hand, quantum repeaters [43] might be able to extend the
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optical fiber based QKD systems beyond their current distances. But, the
current quantum repeater technology is not mature enough for field deploy-
ment [44].
By definition BB84 and most of its variants are proposed for polarisation
based qubits. As polarisation is sensitive to birefringence (i.e. exhibiting
di↵erent refractive indexes for orthogonal polarisations), the chosen medium
needs to exhibit either low birefringence or requires polarisation maintaining
techniques. Thus BB84 and its variants are mostly implemented in either with
polarisation-maintaining optical fiber (PMF) or standard fiber with feedback
control techniques or in free space.
State-of-the-art BB84 demonstration was achieved with a 200 km long
fiber by Liu et al. in 2010 [45]. At this distance, a secure key rate of
15 bit s 1 was achieved with superconductor nanowire detectors operating at
2.4K. Currently, the longest QKD demonstration is achieved at a distance
of 307 km using an ultra low loss fiber (51.9 dB overall attenuation) with co-
herent one way (COW) protocol [46]. This protocol utilises two attenuated
coherent laser pulses to encode a classical bit and is proven to be secure
against PNS attacks. In this experiment, a secret key rate of 3.18 bit s 1 has
been reported at 307 km with InGaAs based semiconductor detectors oper-
ating at 153K [47]. The longest fiber based entanglement distribution has
been recorded at a distance of 200 km in 2009 by Dynes et al. [48]. This
experiment has utilised avalanche photodiodes in self di↵erencing mode to
detect time-bin entangled photons [49].
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1.9.2 Free Space QKD
Free space quantum channels have also been explored for QKD experiments
due to low attenuation and birefringence properties associated with the Earth’s
atmosphere. The performance of a free space link highly depends on other
atmospheric conditions as well. These include stray light (from moon, sun
and any other secondary sources), atmospheric turbulences, weather condi-
tions such as fog, rain, etc. Most of these e↵ects can be mitigated by using
spatial and spectral filtering techniques combined with precise timing opera-
tions such as time tagging and maintaining tight coincidence windows. Most
of the time closed loop tracking systems are employed to maintain the link
e ciencies at desired levels [50].
Figure 1.5: The atmospheric transmission of electromagnetic waves. Image
courtesy of Centre for Remote Imaging, Sensing and Processing (CRISP),
NUS [51].
When an electromagnetic wave travels through the Earth’s atmosphere, it
gets absorbed and scattered by the constituent particles. This process highly
depends on the radiating wavelength as illustrated in Figure 1.5. For free
space optical channels, the low loss transmission window at visible (optical)
band is being used extensively.
State-of-the-art BB84 type QKD demonstration has been demonstrated
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between two mountain tops which are separated by 23.4 km by Kurtsiefer et
al. [52] in 2002. At this distance the generated bit rate was 1.5 kbit s 1 to
2 kbit s 1 and the atmospheric losses were reported around 18 dB to 20 dB.
The longest entanglement based QKD demonstration in free space was
conducted between two optical ground stations situated in Canary islands:
La Palma and Tenerife, over a distance of 144 km by Ursin et al. [50] in 2007.
In this experiment, a SPDC source produced polarisation entangled photons
at 710 nm. The experiment reported a successful free space entanglement
distribution (with high interference visibility) and a QKD demonstration with
a distilled key generation of 178 bits (in total) at a quantum bit error rate
(QBER) of 4.8%.
In free space QKD, experiments heavily rely on pre-established stationary
optical ground stations which are built at line of sight locations. For exam-
ple, in the 144 km entanglement distribution experiment [50], the optical link
was established between two optical ground stations located at an altitude of
2400m above sea level. Even at these altitudes adaptive optics were required
to mitigate beam wandering due to temperature and humidity gradients pre-
sented in atmosphere. At these altitudes, atmospheric losses of 0.07 dBkm 1
have been reported [50].
Wang et al. demonstrated a decoy state QKD experiment in a moving
platform (hot air balloon) over a distance of 40 km in 2012 [53]. In this
experiment a key rate of 159.4 bit s 1 has been achieved over a free space
channel at 40 dB loss. Another important QKD experiment performed with
a moving transmitter (an aeroplane moving at 290 kmh 1) has been reported
by Nauerth et al. in 2013 [54]. In this experiment, a quantum channel has
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been established at a distance of 20 km and a BB84 type experiment has been
performed. A mean sifted bit rate of 145 bit s 1 has been achieved at a mean
QBER of 4.8%.
1.10 QKD at Global Distances
State-of-the-art QKD networks can reliably work at metropolitan distances
(field operations) as reported by the DARPA [55], Tokyo [56], Swiss [57],
Chinese [58] QKD networks. Currently, all these implementations are based
on optical fiber technology and only the DARPA network announced their
support on a free space link [59].
Due to the successful field implementations of QKD networks at metropoli-
tan area distances, there are ongoing e↵orts to expand them into wide area
networks and global distances. Current optical fiber and free space technolo-
gies have their own limitations as discussed before.
A natural way of covering the globe with a QKD network is by establishing
space to ground optical links. This method has the comparative advantage
over a conventional free space optical link due to its almost fixed vertical
atmospheric propagation distance. For instance, a photon propagating from
space to ground is only a↵ected (absorbed and scattered) by the Earth’s
vertical atmospheric distance and finally limited by the di↵raction losses. This
vertical atmospheric distance is an order of magnitude lower than the state-
of-the-art free space QKD demonstration distance [50]. The non stationary
free space experiments reported in [53], [54] were mainly aimed at bridging
the gaps between the metropolitan and global distances.
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1.10.1 Proposals
A number of proposals have been put forward on achieving global QKD net-
works. Among them most feasible solutions are based on the satellite tech-
nology. The basic idea is to host either a quantum light source or a detector
system onboard a satellite [60] or the International Space Station (ISS) [61],





Figure 1.6: 1.) A quantum detector is placed onboard a satellite and sin-
gle photons are transmitted from a ground station. 2.) A quantum source
onboard a satellite beams down photons to a ground station. 3.) Simulta-
neous transmission of entangled photon pairs to two distant ground stations
from the ISS or a satellite. 4.) satellite to satellite based QKD links. Image
courtesy of J. A. Grieve.
The original proposal (third configuration) required the ISS to host an
entangled photon pair source and to beam down entangled photons to two
ground stations simultaneously. These ground stations are required to imple-
ment the Ekert91 protocol [28] to establish a random symmetric key. In prac-
tice, it is challenging to achieve simultaneous pointing between two ground
stations and also limits the e↵ective ground distance separation compared to
the other proposals. In this scenario, the ISS or the satellite hosting the light
source (for an entangled source) does not need to be a trusted party.
SpaceQUEST [61] was proposed in 2007 which aimed at achieving the
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third configuration and required a quantum payload design to follow the size
(1.39 x 1.17 x 0.86 m3), weight (< 100 kg) and power (peak power < 250W)
requirements imposed by the ISS. The transceiver module includes an entan-
gled photon pair source, a weak coherent laser pulse source, single photon
detectors and telescopes to carry out a full QKD demonstration. It is noted
that this can also be configured to perform the second concept and this project
has not progressed beyond the proposal stage.
In the first configuration, a quantum detector will be placed onboard a
satellite and a ground station can host either an entangled or a weak coherent
pulse source. This approach is more practical compared to the third concept.
When the satellite is in contact with the first ground station, a symmetric
key can be established between the satellite and the ground station. Then a
second key can be established with a second ground station when the satellite
is in contact with that ground station. Now, this second key can be used to
transmit the first key securely (as an OTP) to the second ground station.
Thus, the two ground stations can share a random, symmetric key (first key).
In this method the satellite has to be a trusted node between the two ground
stations.
The NanoQEY mission [60] is aimed at achieving this concept and cur-
rently developing a micro satellite (weighing around 30 kg) to host the quan-
tum detectors. The satellite will host a polarization analyser based detector
system and a key calculation software. Despite the relatively simple payload
design with single photon detectors and analysers, the satellite has to accom-
modate high pointing stability hardware to overcome the beam wandering
losses due to Earth’s atmosphere. It has been estimated that high optical
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link losses are experienced by up links compared to down links (⇠ 5 dB ex-
tra loss at Zenith) for low earth orbit (LEO) satellites due to atmospheric
turbulence [63]. Despite the comparably high uplink loss, an advantage of
this approach is that the optical source has access to su cient amount of
resources (e.g. power) to operate frequently.
The second concept is similar to the first approach, except a quantum
light source is hosted onboard a satellite and the symmetric key generation
process exactly follows the first concept. Here the quantum source has access
to limited amount of resources (depending on the size of the satellite), but
experiences less optical losses and almost an order of magnitude less back-
ground rates [63]. In August 2016, a satellite (⇠ 600 kg) was launched by
the University of Science and Technology of China, aimed at demonstrating a
space to ground quantum teleportation [64] experiment and a practical QKD
demonstration between two ground stations located at Tibet and Austria [65].
The results of this experiment is unknown at the time of writing this thesis.
All these proposals, except the first concept, implicitly assume that quan-
tum light sources (either entanglement based or BB84 type) can reliably op-
erate under space conditions after surviving a rocket launch and an in-orbit
deployment mechanism. At the starting point of this work in 2012, no one
has reported a working quantum source in space. Even at the end of 2016,
despite some preliminary studies on space based quantum systems [63], [66],
there are only few space based experimental initiatives reported [67], [68],
[65].
This is mainly due to prohibitively high costs and long term development
cycles involve in large scale satellite projects. It is also aided by the lack of
30
ground based infrastructure such as optical ground stations to facilitate such
experiments. Instead of building large satellites to demonstrate the technol-
ogy readiness level (TRL) of quantum experiments, we propose a di↵erent
approach based on small satellites. Before moving into specific details about
this satellite technology, the next section will describe the space environment
and its potential e↵ects on a scientific payload.
1.11 Space Environment
A satellite will experience di↵erent space conditions depending on its alti-
tude, inclination, orbital phase and Sun activities. This environment is highly
dynamic with Solar activities and a satellite can experience vastly di↵erent
conditions than predicted at similar trajectories on di↵erent days.
The small satellite technology which is proposed, is usually designed for
LEO environments. The LEO environment is defined as the space between
200 km to 2000 km (altitude) from the Earth’s surface. This can be fur-
ther narrowed down to 400 km to 600 km orbital space for most of the small
satellite missions. Typically, these missions are deployed from the ISS (at
400 km altitude and 50  inclination) and higher altitudes close to 650 km.
Thus any scientific instrument which intends to operate in this particular re-
gion in space will have to be designed accordingly. For an optical instrument
the most important aspects to be considered are the vacuum, thermal and
radiation e↵ects in space.
The space region that we are interested in (i.e. 400 km to 650 km alti-
tude) belongs to the neutral thermosphere in which the pressure varies from
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1⇥ 10 8mbar to 1⇥ 10 9mbar [69]. Thus material outgassing e↵ects and
vacuum compatible opto-electronics must be considered for the design.
The thermal environment in space is mainly governed by three sources:
the solar constant, Earth reflected solar energy (albedo), and Earth’s Infrared
emission. Even though, on average, Earth is in thermal equilibrium with
the Sun, any spacecraft traversing in an orbit experiences thermal gradients
depending on its orbital phase. Typical thermal gradients (both positive
and negative) can vary from 0.3  Cmin 1 to 0.6  Cmin 1 within temperature
ranges of 0  C to 25  C [70],[71].
The space radiation e↵ects which are due to energetic electrons, protons
and heavy ions interacting with materials, are also need to be considered.
These energetic particles can cause either ionisation and/or displacement
damage to opto-electronics and electronics devices [72], [73].
An energetic particle traversing through a material can impart energy to
its surrounding, causing it to generate electron-hole pairs. Accumulation of
these charges (ionising radiation) under an electric field can alter the electrical
properties (e.g. threshold voltages) of a device. This ionising radiation is
mainly due to the trapped particles in Earth’s radiation belts (Van Allen
radiation belts), cosmic rays (sources outside our Solar system) and Solar
activities. Due to the misalignment in rotational and magnetic axes of the
Earth, there is also a particular region in LEO where this trapped radiation
is anomalously high (known as the South Atlantic Anomaly (SAA) which can
damage the onboard electronics and produce errors.
Displacement damage of a material is caused by high energetic particles
(heavy ions and protons) displacing atoms from their lattice structure [72]
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which may result in intermediate energy levels in the bandgap of a semicon-
ductor. The e↵ects of space radiation on the chosen opto-electronics devices
will be discussed in detail in the next Chapter.
1.12 CubeSats
A new nanosatellite standard called CubeSat was introduced by Jordi Puig-
Suari of California Polytechnic Institute (Cal Poly) and Robert Twiggs of
Stanford University in mid 1990s. Over the past two and half decades the
CubeSat technology has gained wide recognition among researchers as a cost
e↵ective and faster way to bring scientific experiments into orbit [74].
Figure 1.7: The Galassia 2U CubeSat, which was developed by the students
and researchers at department of ECE, NUS. Image courtesy of department
of ECE, NUS.
As the name suggests a CubeSat is a 10 cm cube with a mass of ⇠ 1 kg
which is also known as a 1U CubeSat. Standardised mechanical and electrical
interfaces allow easy integration of scientific payloads with CubeSats. Soon
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after introducing the new standard, around 80 university projects adopted
CubeSats for their research purposes and continued to grow into a well es-
tablished industry over the past decades.
A CubeSat compatible payload has to satisfy the Size, Weight and Power
(SWAP) requirements imposed by the spacecraft. Typically for a 1U Cube-
Sat, a payload is allowed to design within a volume of 300 cm3, ⇠ 250 g of
mass and an electrical power consumption of 2.5W. It is also possible to cas-
cade 1U CubeSats to arrive at 2U, 3U, 6U and 12U satellites when payload
requirements exceed 1U specifications. Figure 1.7 shows a stack of two 1U
CubeSats developed by the department of ECE, NUS.
Currently, commercial companies like NANORACKS [75], JAMSS [76],
ISIS [77] provide CubeSat launching opportunities from the ISS. A widely
used CubeSat deployment mechanism is by means of the robotic arm installed
in the ISS and also rockets based launching opportunities are available [71].
From each CubeSat launch provider around 1-3 CubeSat launching opportu-
nities are available per year.
The short development cycles, availability of o↵ the shelf satellite compo-
nents at competitive prices [78], [79], [80] and comparably low cost CubeSat
launching facilities allow testing and verifying the TRL of the resources re-
quired to build global quantum networks in steps. In fact, we argue that
CubeSats can be e↵ectively used to host entangled photon pair sources in
LEO [81] and they might even be able to establish space to ground QKD
links.
The next chapter is dedicated to analyse the results obtained from a Cube-
Sat compatible correlated photon pair source when tested with a weather bal-
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loon experiment and a CubeSat. The performance of the photon pair source
onboard the satellite has been monitored for a period of nine months and the
long term stability of the quantum light source and the integrated electronics
platform’s performance will also be presented. The subsystem level design of
the CubeSat compatible electronics platform which is the main focus of this




A Small Quantum Light
Source
A CubeSat compatible quantum light source demands significant e↵orts in
miniaturising the optical design and power optimised control electronics as
typical bench-top entanglement experiments are bulky and use power hungry
opto-electronics. This thesis main work is based on designing and developing a
power e cient CubeSat compatible electronics platform to host miniaturised
quantum light sources.
The integrated scientific instrument should also be capable of passing all
the ground based qualification and flight model tests (vibration, thermal and
vacuum) in order to accept it for a space mission. Before moving into specific
details about the source design, the proposed roadmap for demonstrating a
space-to-ground capable entangled photon pair source onboard a CubeSat
will be presented.
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2.1 A Roadmap to Space
Our goal is to adopt a meaningful, iterative CubeSat mission approach in
order to demonstrate a quantum light source in space, due to the complexity
of the project. In this approach, multiple iterations will validate subsystem
designs at early stages of the project and provide high confidence on system
reliability and performance at the final stages of the project. This iterative
approach has been adopted by other large space missions as well. For in-
stance, the Laser Interferometer Space Antenna (LISA) project [82] adopted
pathfinder missions to validate their required technologies for upcoming mis-
sions.
We have proposed a series of CubeSat pathfinder experiments with in-
creasing scope, towards demonstrating a space-to-ground QKD link based on
entangled photon pair sources onboard CubeSats in LEO [81], [83]. The
goal of the first pathfinder experiment is to check the TRL of the opto-
electronics and micro-electronics which are required to build entangled photon
pair sources. This will also verify the selection of crystal technologies, holding
(of mechanical structures) and alignment techniques. The opto-electronics
will include laser diodes, photodiodes, single photon detectors, and liquid
crystal devices. The crystal holding and alignment techniques will be as-
sessed by monitoring the performance of a correlated photon pair source.
This is a reduced geometry (i.e. one non-linear crystal configuration) with
respect to the full entangled photon pair source based on the Type-I SPDC.
A low cost weather balloon experiment will validate the correlated photon
pair source design and the chosen opto-electronics and electronics component
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before integrating it with a CubeSat. In this approach, any optical, me-
chanical or electronic subsystem which does not perform as intended can be
redesigned or replaced before the next iteration. Then the proposed first
pathfinder CubeSat mission will deploy a compact polarisation correlated
photon pair source to verify the TRL of the instrument under space condi-
tions.
The first pathfinder experiment has been named as the small photon en-
tangling quantum system 1.0-correlated source and will be stated throughout
this dissertation as SPEQS1.0-CS device/instrument. A satisfactory perfor-
mance of a SPEQS1.0-CS device under space conditions will lead to its succes-
sor design, SPEQS1.0-ES (an entangled photon pair source). It is also noted
that the first generation quantum light sources (up to SPEQS1.0-ES) are not
required to produce high number of quantum correlations to demonstrate a
space-to-ground QKD link. Table 2.1 summarises the design requirements
established at each phase of the project.
Description SPEQS1.0-CS SPEQS1.0-ES SPEQS2.0-ES
Correlations (/s) ⇠ 3,000 ⇠ 3,000 ⇠ 1,000,000
Visibility (%) 96 96 99
E ciency (%) 1 1 20
Power (W) 2 2 10
Mass (kg) .25 0.5-1 0.5-1
Volume 0.3U 1.5U 2U
Table 2.1: Summary of the single photon pair sources and their operating re-
quirements established at each stage of the project. The e ciency parameter
defines the ratio between the correlations to singles produced by a source.
Once the TRL requirement of the SPEQS1.0-ES design is accomplished,
the project will focus on developing entangled photon pair sources with high
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quantum correlation rates (i.e. SPEQS2.0-ES) [84]. These devices will be
capable of producing polarisation entangled photon pairs at su ciently high
rates to overcome the anticipated space-to-ground optical link losses (⇠ 40 dB
loss at Zenith [63]) and to produce su cient raw key rates (few 10 bit s 1)
when operated from the LEO.
In the next section, the SPEQS1.0-CS optical design will be discussed.
Then, two successful field tests carried out in a weather balloon followed by
on board a CubeSat will be presented.
2.2 SPEQS1.0-CS Optical Design
A non-linear crystal aligned with a pump at Type-I phase matching condition
will produce correlated photon pairs at either |Hi⌦|Hi or |V i⌦|V i depending
on the pump polarisation state (|V i or |Hi) as described in the section 1.8.2.
Here |Hi and |V i represent photon polarisation in horizontal and vertical
directions respectively. In the SPEQS1.0-CS design, vertical polarised (|V i)
pump has been chosen and Figure 2.1 shows the adopted optical source design.
A laser diode (1) operating at  p = 405 nm, interacts with a beta bar-
ium borate (BBO, 4) non-linear crystal to produce daughter photons at non-
degenerate wavelengths (760 nm and 867 nm). The daughter photons at these
wavelengths are emitted at collinear angles when the phase matching angle
between the pump and the crystal’s optical axis is maintained at 28.8 . The
collinear geometry has been chosen in order to optimise the experimental vol-
ume (95 ⇥ 95.9 mm area) available for the payload design by a 1U CubeSat.


































Figure 2.1: a) The schematic design of the correlated photon pair source
adopted for the SPEQS1.0-CS weather balloon experiment. Here, the corre-
lated photons are generated at |Hi⌦|Hi state using the Type-I SPDC process
in a collinear geometry. A polarisation analyser and a single photon detector
setup measures these polarisation correlations. b) The CubeSat form factor
SPEQS1.0-CS design specification. The SPEQS1.0-CS device can be con-
nected to a CubeSat via the PC104 connector which serves as the mechanical
and electrical interface between the satellite and the payload. Image courtesy
of Scientific Reports [85].
based on the wavelength and directed to their respective polarisation analyser
setups which are made of polarisation beam splitter (PBS) and liquid crystal
based polarisation rotators (LCPR) for correlation measurements.
In this design, polarisation correlations can be detected by either activat-
ing APD 1&4 or APD 2&3 detector pairs. For instance, in the APD 1&4
configuration, the polarisation correlations are measured with respect to the
PBS (at APD1) transmission arm polarisation (i.e. |Hi). The polarisation
rotator of the other arm scans the polarisation of incoming photons from |Hi
to |V i in steps. The same experiment can be performed with the APD 2&3
configuration by measuring the correlations with respect to the reflective arm
(i.e. |V i) of the PBS at APD3 (scans the polarisation of photons in APD2
arm).
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Since the incoming polarisation state is |Hi ⌦ |Hi, a maxima (i.e. the
brightness of the source) can be observed when both the polarisation rotation
settings are aligned with their respective PBS transmission arm polarisations
(for the APD 1&4 configuration). An orthogonal polarisation setting between
the two arms will result in a minima (ideally zero) which can be used to
quantify the polarisation contrast (i.e. the visibility of the source) of the
daughter photons. These two parameters have been used to monitor the
performance of the correlated photon pair source throughout the experiments.
2.2.1 Opto-Electronics Component Selection
The working wavelength of the optical source has to be chosen from either the
visible range (⇠ 800 nm) or from the telecom window (⇠ 1550 nm) in order
to exploit the transmission properties of the Earth’s atmosphere (see Figure
1.5). At these degenerate daughter photon wavelengths, pump lasers are
required to operate at either ⇠ 400 nm or ⇠ 750 nm. Currently, semiconductor
laser diodes are commercially available with center wavelengths starting from
375 nm and onwards.
Another important aspect to consider when choosing the working wave-
length is the adopted single photon detector technology. For the SPEQS1.0-
CS design, Geiger mode avalanche photodiodes (GM-APDs) have been chosen
and the specific implementation will be discussed in the Chapter 5. These de-
tectors are commercially available as compact packages (TO can) and require
moderate operating temperatures and power to operate.
Si based GM-APDs are transparent to wavelengths above 1000 nm and
exhibit peak quantum e ciencies (⇠ 85%) near 550 nm and exhibit low back-
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ground rates (see Figure 5.3) [40]. On the other hand, telecom band photons
are sensitive to GM-APDs which are made of direct band gap materials such
as InGaAs/InP (900 nm to 1600 nm) [42]. These detectors are inherently noisy
(i.e. high background rates) with the current technology and also exhibit high
levels of after pulsing probabilities and low quantum e ciencies (⇠ 10-20% at
1550 nm) [86] compared to Si based detectors. Given these factors, Si based
GM-APDs have been chosen for the SPEQS1.0-CS design.
This requires the SPDC process to generate daughter photons at ⇠ 750 nm
to 900 nm range to remain compatible with Si based GM-APDs and to utilise
the semiconductor based laser diodes. The pump laser is chosen at 405 nm
and the phase matching condition has been optimised such that daughter
photons are produced at non-degenerate wavelengths at 760 nm and 867 nm.
Non-degenerate wavelengths are required in collinear geometry to e ciently
spatially separate these photons for analysis. The particular laser diode’s
properties and the adopted driver design for the SPEQS1.0-CS design is dis-
cussed in the next chapter.
In order to check the quality of photon pair correlations, a polarisation
analyser setup is required. In a typical bench-top experiment, this can be
achieved with a simple polariser setup. But, such a polariser setup re-
quires an automated rotor based controller system to be incorporated into
the SPEQS1.0-CS design. As this may interfere with the host satellite’s at-
titude control system by conservation of momentum, this option has been
ruled out. Instead, an electrically controllable, non-inertial polarisation rota-
tor based on liquid crystals has been adopted and the implementation details
will be discussed in chapter 4.
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Even though, there is no temperature controller implemented to maintain
the temperature of the optical trench during an experiment, a heater system
has been adopted in the SPEQS1.0-CS design. The main purpose of this
heater system is to raise the temperature of the optical unit to the operating
point after turning on the device in space. A resistor based high (2.5W) and
low (0.4W) power heaters have been placed underneath the optical trench and
can be activated via n-MOSFET switches. The 2.5W heater is only activated
at the beginning of an experiment for a maximum period of 10 minutes, in
case the temperature of the optical trench is below the operating point. The
low heater will be activated when the SPEQS1.0-CS device is conducting an
experiment in a heat loosing environment where the 0.4W heater will try to






Figure 2.2: a) A fully integrated SPEQS1.0-CS device in the CubeSat form
factor (10 ⇥ 10 ⇥ 3.8cm). The correlated source is attached on the top side
of the printed circuit board (PCB). b) The bottom side of the PCB contains
all the control electronics which are required to automate the correlation
measurement experiment. Image Copyright (c) 2015 IEEE [87].
The first prototype of the SPEQS1.0-CS design was assembled in mid
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2013 and Figure 2.2 shows the integrated instrument [87]. The integrated
device runs a polarisation correlation experiment under 1.5W of power and
the dimensions follow the CubeSat standard (10⇥ 10⇥ 3.8 cm) with a mass
⇠ 250 g. As part of the roadmap, this instrument was first tested with a
weather balloon in August 2013 [85].
2.3 A Near Space Experiment
A medium size weather balloon that can reach the Stratosphere, allows a
payload to operate close to near space conditions (almost vacuum pressure
and temperature gradients similar to LEO). The vibration profiles during
a balloon burst and landing are quite harsh and the instantaneous values
reported are higher compared to a rocket launch vibration test conditions.
Such a weather balloon was launched from Sursee, Switzerland [85] which
carried a SPEQS1.0-CS instrument and a set of environmental sensors to
monitor the operating conditions.
The SPEQS1.0-CS instrument has been automated [87] using a PSoC3
micro controller (from Cypress [88]) and the detector pairs (APD 1&4 and
APD 2&3) were operated for 50% of the time. When both the polarisation
rotators are aligned with the transmission arm of the PBS (i.e |Hi) a max-
imum correlation count will be observed and minima will be observed when
one arm is aligned with the reflection arm polarisation (i.e |V i) (see Figure
2.3).
A typical experimental cycle for APD 1&4 is shown in Figure 2.3 when
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Figure 2.3: The maximum observed raw coincidence rate (red) was ⇠ 4500
counts/s with a 9 ns coincidence window. The accidentals corrected corre-
lations rates are also plotted under the same axis (black). The polarisation
rotator achieved a 2⇡ polarisation rotation by changing the liquid crystal’s
input voltage (peak to peak) from 1.7V to 5.4V (blue). Image courtesy of
Scientific Reports [85].
brightness of ⇠ 4500 counts/s has been recorded and the corresponding sin-
gle count rates were ⇠ 360,000 and ⇠ 330,000 counts/s respectively. The
accidentals corrected (9 ns coincidence window and using the equation stated
in section 2.4.3.4) brightness (black) was ⇠ 3600 counts/s. It is also noted
that in SPEQS1.0-CS devices, no focusing lenses are used to collect the down
converted photons. Thus, the single photon detector active area is over filled
by the down converted photon beam and the reported coincidence to singles
ratio (i.e. e ciency) was ⇠ 1% [85].
During the full journey (close to 2.5 h) the experiment cycle shown in
Figure 2.3 was repeated on every 30 s and the brightness and the visibility
of the SPEQS1.0-CS device was monitored. Figure 2.4 shows the recorded
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Figure 2.4: The visibility of the SPEQS1.0-CS device throughout the journey
(⇠ 2.5 h). The balloon take-o↵, burst and landing points are also indicated
by dashed lines. Throughout the journey the device maintained its visibility
at 92± 1%. Image courtesy of Scientific Reports [85].
maintained a healthy visibility of 92 ± 1 % on average and was compatible
with the established baseline.
In order to record the environmental parameters, a separate, in house
made environmental sensor board (consisted of an accelerometer, pressure
and humidity sensor) was placed close to the SPEQS1.0-CS instrument. This
sensor board was configured using a PSoC4 pioneer kit [89]. A MEMS 3-
axis accelerometer (ADXL345 [90]) has been used to monitor the acceleration
during the journey. The sensor is capable of measuring up to ±16g along each
axis at a 13 bit resolution. The acceleration data was sampled at 400Hz in
order to capture the shock experienced by the payload at balloon burst and
landing. Figure 2.5 shows the total acceleration experienced by the payload
with time. The two peaks correspond to balloon burst (20 g) and landing (23
g) and the payload continued to produce its nominal brightness and visibility
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values after experiencing these shock levels.













Figure 2.5: a) The total acceleration experienced by the SPEQS1.0-CS device
during the balloon test. The two peaks correspond to the balloon burst (20 g)
and landing (23 g). b) The internal (blue) and external (red) temperature of
the balloon payload during the flight. The two extreme external temperature
points (-50  C and -60  C) were occured when the package was passing through
the jet stream. Image courtesy of Scientific Reports [85].
The chosen pressure sensor (HDIB001AUY8P3 [91]) has a dynamic range
of 0mbar to 1000mbar and the pressure was recorded at every 1 s interval.
The package experienced ⇠ 0mbar at its highest altitude (35.5 km). During
the flight the temperature around the SPEQS1.0-CS device fluctuated around
0  C to 25  C (see Figure 2.5 (b)) which is similar to LEO temperature profiles
reported previously [70].
The instrument was operating as normal at an altitude of 35.5 km which
is ⇠ 10% of the targeting altitude. This near space performance of the
SPEQS1.0-CS device provided su cient confidence on the TRL of the in-
tegrated design. The performance of the subsystems such as laser diode feed-
back system, polarisation analysers and single photon detectors were within
the specified tolerances [92], [93].
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2.4 An In-Orbit Correlation Experiment
The SPEQS1.0-CS weather balloon design was fully adopted for the first
CubeSat pathfinder mission, except for the four detector approach. In this
design only the GM-APD 1&4 configuration has been retained as GM-APD
2&3 setup was a redundant pair in the previous design.
The first CubeSat integration took place with the GomX-2 satellite [94],
a 2U CubeSat developed by GomSpace in 2014. The SPEQS1.0-CS flight
model went through all the flight model testing (vacuum, vibration and ther-
mal tests) and qualified for the mission. Subsequently, the mission was not
successful due to a rocket launch failure [95]. This SPEQS1.0-CS instrument
survived the rocket explosion and its post-explosion performance [96] pro-
vided high confidence (see Appendix B for further analysis) to build a similar
SPEQS1.0-CS device for another CubeSat mission.
The newly built SPEQS1.0-CS device was integrated with a 2U CubeSat
called Galassia [97] in 2015. Here the CubeSat resources were shared among
three payloads including the SPEQS1.0-CS instrument. The CubeSat was
launched into a near equatorial orbit (altitude 550 km & inclination 15 ) using
the PSLV-C29 rocket on 16th December 2015. The following section describes
the acceptance tests that were carried out on the SPEQS1.0-CS integrated
satellite in order to qualify it for the space mission.
2.4.1 Galassia Acceptance Test Procedure
The mission has adopted the two model concept which required an engineer-
ing and a flight model. The engineering model was a flat sat where all the
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subsystems were connected to the satellite bus via an extension board. This
was mainly used for hardware and software testing and debugging purposes
and no qualification tests were carried out. Thus, all the acceptance tests
were carried out on the actual flight model.
As there were no qualification tests performed on the engineering model,
testing (for vibration) of flight model was required by the launch service
provider (Indian Space Research Organisation) at acceptance level test values
for qualification level test times. The vibration test levels are tabulated in
Table 2.2 for the sinusoidal and random vibration tests [71].
axis Sine sweep Random sweep
x - axis 4.5 g 6.7 g-RMS
y - axis 4.5 g 6.7 g-RMS
z - axis 4.5 g 6.7 g-RMS
Table 2.2: All the sine sweep tests were conducted at 4.5 g from 5Hz to 100Hz
at a sweep rate of 4 Octal/min. All the random sweep tests were performed
at 6.7 g-RMS for 20Hz to 2000Hz at 1 minute per axis [71].
The test axes were defined with respect to the mounting directions of the
satellite [71] in the rocket. The vibration tests were performed at ST Electron-
ics (class 100,000 environment) in Singapore. The test campaign concluded
with a thermal vacuum test which was conducted at simulated space environ-
mental conditions. This test lasted over two vacuum (at 1.33⇥ 10 5mbar)
thermal cycles and within each cycle the satellite went through a hot ( 35  C)
and cold ( 15  C ) soak at a dwell time of one hour. Prior to this test a
thermal bake out was carried out at 45  C for 72 h and allowed the satellite
components to outgas [71].
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2.4.2 SPEQS1.0-CS Concept of Operations
The concept of operations (ConOps) for SPEQS1.0-CS devices are docu-
mented in SPEQS interface control document V1.04 [98] and only a brief
overview is given here. In order to maximise data collection, the microcon-
troller is programmed with fifteen experiment profiles (see Appendix A for a
complete list of profiles). Each profile corresponds to a di↵erent experimental
setting and can be activated via its unique command code during power on
phase.
During an in orbit operation, the ground station transmits the appro-
priate command code to the satellite to activate an experiment. It will be
delivered to the SPEQS1.0-CS instrument and will override the default profile
(command code - 0x10) for the next 24 hours. The default profile monitors
the visibility and brightness of the source.
2.4.3 SPEQS1.0-CS In-Orbit Operations
Since Galassia has been put in orbit, the SPEQS1.0-CS device has been ac-
tivated four times. The very first opportunity to turn on the instrument
took place on day 36 since launch. It was activated (default profile) at 12  C,
temperature ascending phase in sunlight. The turn on temperature is always
based on the satellite’s temperature sensors.
2.4.3.1 Default Profile
The temperature profile of the optical trench for the full experiment (on day
36) is plotted in Figure 2.6 along with the baseline established on Earth [68].
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The temperature of the optical trench is monitored via two thermistors placed
























Figure 2.6: The internal temperature profile of the SPEQS1.0-CS device based
on the two thermistors placed near the laser diode and GM-APDs. The base-
line established on Earth and in orbit are plotted in red and blue respectively.
Image courtesy of Physical Review Applied [68].
As the initial temperature of the device was below the target operating
temperature (18.7  C) for the default profile (i.e. 0x10), the 2.5W heater
was activated to raise the temperature of the optical trench to 18.7  C which
reached the operating point within 8.5min under vacuum conditions.
Then the background rates of the GM-APDs were monitored and the tem-
perature feedback loop (for GM-APDs) was stabilised within the next three
minutes (grey area in Figure 2.6). Subsequently, the instrument will enter
into the designated experiment mode based on the command code received.
2.4.3.2 GM-APD Background Rates
It was observed that the background rates of both GM-APDs were elevated
significantly compared to the baseline after spending 36 days in orbit. There
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are three possible factors which can contribute in increasing the background
rates: GM-APD’s working temperature, space radiation and light leakage.
Rest of the discussion is based on GM-APD1 background rates and GM-
APD2 background rates are tabulated in Table 2.3.
The e↵ect of temperature can be accounted for by interpolating the back-
ground rates based on the temperature calibration curve obtained on Earth
for GM-APD1 (Figure 2.7 orange data points). In this temperature range,
the background rate of the GM-APD1 can be empirically approximated by
the quadratic relationship with temperature 28.716T 2   323.476T + 4556.01
(T is in  C). The blue data point(s) corresponds to the established baseline




























Figure 2.7: Background rates reported for the GM-APD1 on Earth and in
orbit. The baseline and the calibration curve established on Earth are plot-
ted in blue and orange respectively. The background rate reported on day 36
(Expt.1) is plotted in red at 20.3  C. Two data points plotted at 14  C corre-
sponds to background rates reported on day 128 (⇠ 54,000 counts/s, Expt.3)
and day 261(⇠ 70,000 counts/s, Expt.4) in orbit. The only experiment con-
ducted in eclipse (⇠ 34,000 counts/s, Expt.2) is plotted in green which was
conducted on day 115 since launch.
Background rate of the GM-APD1 was reported at ⇠ 51,000 counts/s on
average (at 20.3  C) on the 36th day in orbit. The corresponding background
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rate at this temperature based on the GM-APD1 calibration curve is ⇠ 9,800
counts/s on average. Thus, the di↵erence 41,200 counts/s corresponds to any
radiation damage and possible light leakage.
A second experiment was conducted in eclipse on day 115 to check the
e↵ect of a possible light leakage. This was a complete GM-APD background
rate experiment (i.e. 0x37 profile in Appendix A) in which the laser diode was
switched o↵. The recorded background rates are plotted in the same figure
in green (average temperature was 8.9  C) and the extrapolated background
rate at this temperature is 3950 counts/s. It was concluded that the di↵er-
ence in background rate (29,800 counts/s) was due to the accumulated space
radiation as no light source was available (either internal or external) during
this experiment. This increase in background rate due to space radiation for
Si based GM-APDs have already been predicted based on radiation tests, but

















n/a 11,000 15,000 22.8 n/a
1 36 51,000 54,000 20.3 sunlight
2 115 34,000 41,000 8.9 eclipse
3 128 54,000 63,000 14.1 sunlight
4 261 70,000 127,000 14.1 sunlight
Table 2.3: The average background rates observed at each experiment for the
two GM-APDs and the operating conditions [100]. The last two experiments
were conducted on similar operating conditions and with more data the e↵ect
of radiation on GM-APDs can be predicted accurately.
It was noted that the increase in background rate was higher on the
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36th day compared to the 115th day. This discrepancy can be explained
by analysing the trend of the background rates with temperature over time
in space. It is clearly seen from the data that the background calibration
curve of the GM-APD with respect to temperature has been shifted over
time in space. The calibration curve becomes steeper over time and high
temperatures which explains the discrepancy in background rates over time
at di↵erent temperatures.
The last two experiments (Expt.3 and Expt.4) were conducted in sunlight
and the background rates were monitored at similar operating conditions
(14.1  C). A steady increase in background rates were observed under similar
operating conditions for both GM-APDs and GM-APD2 showed a di↵erent
rate of increase in background rates. More data points on similar operating
conditions would enable accurate predictions on GM-APD background rates
in space over time. Table 2.3 summarises the background rates for GM-APD1
and GM-APD2 for all the experiments conducted to date.
2.4.3.3 In-Orbit Correlations
At the point of writing this thesis, there were three in orbit correlation ex-
periments that have been conducted on day 36, 128 and 261 in orbit. Figure
2.8 shows the in orbit correlations observed on these occasions along with the
baseline established on Earth.
The operating conditions, brightness (accidentals corrected, based on the
formula described in the next section) and the visibility of the SPEQS-1.0-CS
device for the three experiments are tabulated in Table 2.4. It is evident that


















Polarisation rotation angle (rad)
Figure 2.8: Polarization correlations (corrected for accidentals) observed in
orbit on three occasions and the baseline (black) established on Earth at
24.7  C. The in orbit experiments were conducted on day 36 (Expt.1, orange),
128 (Expt.3, red) and 261 (Expt.4, blue) since launch. Expt.3 and 4 were
conducted at a cooler temperature (⇠15  C) compared to Expt.1 (at 22.1  C).
This low temperature enabled the mechanical mount which holds the BBO
crystal to reach a better angle for phase-matching, enhancing the brightness
of the source by 1.5 times compared to Expt.1. Copyright 2016 Society of
Photo Optical Instrumentation Engineers [100].
to the thermal response of the mechanical mount (a flexure stage) which holds
the BBO crystal. At lower temperatures the relative angle between the pump
and the optical axis of the crystal reaches a better value for phase-matching
and improves the brightness. This response has been checked and verified
with the SPEQS1.0-CS back up device designed for the Galassia mission.
As this is a correlated source experiment, the polarisation correlations
should follow the Malus’ law [101] (fitted lines in Figure 2.8). The resulting
polarisation contrast (visibility) is high and close to the values observed on
Earth. The calculated visibilities are tabulated in Table 2.4. This high visibil-
ities suggest that the liquid crystal based polarisation rotators are capable of




















n/a 24.7 66,250 & 36,200 3.8 18 97±2%









Table 2.4: Summary of all the correlation experiments conducted on Earth
(baseline) and in orbit for the SPEQS1.0-CS instrument. All the in orbit
experiments were conducted in sunlight and the average temperatures are
tabulated. The reported GM-APD singles correspond to the maximum cor-
relation detection setting (including the background rates). The brightness
and visibility are calculated after deducting the accidentals using the coinci-
dence windows reported [100].
This behaviour is in good agreement with the radiation experiment results
reported on liquid crystals [102].
Based on the brightness and visibility, it can be concluded that the SPEQS1.0-
CS device has not degraded over a span of 133 days (between Expt.3 & 4)
under similar operating conditions. This can be extended to conclude that
the device has not degraded over 261 days in orbit under similar operating
conditions.
2.4.3.4 Coincidence Window Performance
In the SPEQS1.0-CS device, correlations are detected by converting the signal
and idler photons into electronic signals via GM-APDs. These signals are
conditioned (3.3V at 1.9 ns pulse widths) and fed into an electronic AND gate
to detect correlations. Figure 2.9 shows the adopted coincidence detection











Figure 2.9: The coincidence detection circuit used in the SPEQS1.0-CS de-
vice. The circuit uses a D flip-flop (D-FF, SN74LVC74APW) and a resistor-
capacitor (R-C) timing circuit to shape an incoming GM-APD pulse into a
1.9 ns digital pulse at 3.3V. The AND gate (NC7SZ08M5X) produces an
output (a coincidence) pulse when the two signals are temporally overlapped.
Copyright 2016 Society of Photo Optical Instrumentation Engineers [100].
The coincidence window of the circuit is measured at 3.8 ns (2 ⇥ 1.9 ns)
and it is used to correct for accidental coincidences during a correlation
experiment. These accidental coincidences are due to uncorrelated GM-
APD pulses passing through the coincidence circuit (e.g. background counts
of the GM-APDs). The formula used to approximate these accidentals is
Cacc = S1 ⇥ S2 ⇥ ⌧ where S1 and S2 are the input pulse rates (/s) and ⌧ is
the coincidence window of the circuit.
For all the Earth based experiments and for the first in orbit experiment a
coincidence window of 3.8 ns (hardware configured) has been used. But with
the last two in orbit experiments (Expt. 3 & 4), this coincidence window
overestimates the accidentals and suggests a potential degradation in the
coincidence circuit.
A new coincidence window can be estimated for the last two experiments
based on the background rate accidentals. This is possible due to high back-
ground rates reported in last two experiments as a result of the space radia-
tion. This method should give a fair coincidence window as the background
rates of the two GM-APDs are uncorrelated. The approximated coincidence
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window values and the corresponding background rates are tabulated in Ta-
ble 2.5. These new coincidence windows were used to correct for accidentals













3 54,000 63,000 11.5 3.4± 0.1
4 70,000 127,000 28 3.1± 0.1
Table 2.5: The estimated coincidence window based on the background rates
of the GM-APDs. As Expt. 3 & 4 were conducted in similar operating
conditions, a degradation in coincidence window can be predicted [100].
It is noted that the coincidence window of the SPEQS1.0-CS device has
degraded under similar operating conditions (at 15  C) over a time period
of 133 days in orbit. It is possible that the rise times of the generating
pulses becoming less steep and/or the capacitor of the timing circuit is being
degraded, thus e↵ectively reducing the temporal overlap of the signals.
2.4.3.5 Subsystems Performance
In order to successfully run an in orbit photon correlation experiment and
to make a valid comparison on optical source performance, the laser diode
and single photon detection subsystems need to be operated independent of
orbital parameters (mainly thermal gradients). The temperature independent
designs of these two subsystems will be discussed in chapter 3 & 5 and only
the in orbit performance is presented here.
The temperature dependent laser diode’s optical power is stabilised by an
optical feedback system integrated into the SPEQS1.0-CS design. Chapter 3




























































Figure 2.10: Laser diode and the optical feedback system’s power locking ca-
pability with temperature. Figure contains two separate in orbit experimental
data plotted in red for Expt. 3 (12.5  C to 16  C) and Expt. 1 (19  C to 25  C).
The baseline established on Earth (23  C to 27  C) is plotted in green. The
average locked optical power for this temperature range was 9.975±0.051mW
and the distribution is plotted on right. Image courtesy of [103].
optical power system. Figure 2.10 shows the in orbit performance of the laser
diode’s feedback system with temperature. The feedback system has locked
the optical power at 9.975 ± 0.051mW (i.e. ±0.5% of uncertainty) for the
temperature range of 12  C to 28  C [103]. This has mitigated brightness
variations of the source due to temperature induced pump power fluctuations
along the orbit.
The GM-APDs used to detect single photons need to be reversed bias
above a certain threshold voltage known as break down voltage to make
them sensitive to single photons. The breakdown voltage of a GM-APD
is dependent on temperature. The photon detection e ciency of a GM-APD
depends on the excess bias voltage above the break down voltage. In a fixed
bias voltage setting, a GM-APD detects single photons at di↵erent detec-

























































Figure 2.11: GM-APD1’s bottom to top count ratio (BTR) maintenance with
temperature. The BTR is an indirect measurement of the photo electron de-
tection e ciency of a GM-APD. The baseline on Earth is plotted in red. The
green and blue data points correspond to in orbit Expt. 1 & 3 respectively.
The target BTR was 0.75 and the system maintained the BTR at 0.75± 0.04
for the whole temperature range and its distribution is plotted in right. Image
courtesy of [103].
feedback loop has been implemented to control the bias voltage of the GM-
APD to stabilise the photo electron detection e ciency along the orbit. Here
the feedback loop does not rely on a standard thermistor based approach. In-
stead, an indirect temperature measurement of the GM-APD can be obtained
by measuring the avalanche pulse height.
In this method, an avalanche pulse (due to a single photon) splits into
two pulses with di↵erent amplitudes based on a resistor divider circuit used
in the sensing circuit. These two pulses are called top (at avalanche pulse
height) and bottom (at a fraction of the avalanche pulse height) signals and
are detected by two separate constant level discriminators (CLD) sensing at
di↵erent reference voltage levels. The ratio between the bottom to top pulses
(BTR) for a given integration time is an indirect measurement of the excess
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voltage at a given temperature. Thus, the BTR technique can be used to
maintain the photo electron detection e ciency of a GM-APD. Figure 2.11
shows the BTR maintenance of the GM-APD1 in orbit and on Earth for the
same experiments (GM-APD2 has a similar response) discussed in the Figure
2.10. The temperature independent BTR operation of the GM-APDs has
mitigated any uncertainties associated with correlation events due to di↵erent
photo electron detection e ciencies set by the detectors at di↵erent orbital
temperatures.
2.4.4 Conclusion
The level of success of the pathfinder mission in space can be categorised
into few tiers. The first tier of success has been achieved when the integrated
platform qualified for the space mission. The SPEQS1.0-CS device survived a
series of environmental tests (both GomX-2 and Galassia CubeSat missions)
which can be classified as harsh conditions for such a delicate experiment.
The next level of success is accomplished with the correct operation of
opto-electronics subsystems (basically the laser diode, polarisation rotators
and single photon detectors) under space conditions. Despite the increase in
background rates of the GM-APDs, the BTR technique stabilises the GM-
APDs photo electron detection e ciency irrespective of the count rate and
temperature. The laser diode’s power stabilisation (at ±0.5%) and liquid
crystal based polarisation rotators have operated successfully.
The correlation experiment conducted on 36th day since launch, marks
the third tier of success. The correlated photon pair source is capable of
producing correlations with good polarisation contrast which is comparable
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with the baseline established on Earth. Despite the temperature response of
the flexure stage which holds the BBO crystal, the brightness of the source
when operated under similar experimental conditions (Expt. 3 & 4) showed
no degradation over a period of 133 days which marks the final level of success.
The calculated degradation of the coincidence window suggests a better
calibration technique (e.g. adding reference signals for self calibration of
the circuit) to be integrated with the future designs. In the SPEQS1.0-CS
design, the polarisation rotator driver runs in an open loop configuration and
no feedback has been implemented to maintain the response of the liquid
crystal against temperature. For a correlation experiment, this temperature
e↵ect appears as a right shift of the correlation curve (at low temperatures)
when plotted against the input voltage. This driver circuit has been revised
and invented a new control technique (TRL-6) that can achieve simultaneous
driving capability and temperature compensation. This circuit (see chapter
4) will be adopted to the upcoming entangled source platform designs. The
temperature response of the flexure stage design has also been reviewed and
a new design (made of Titanium) has already been tested for temperature
stability. These modified subsystems will be used on the next generation
entangled sources (SPEQS1.0-ES).
The next chapters will describe the subsystem level designs of the SPEQS1.0-
CS device and some new developments that have been carried out for the




The Laser Diode Subsystem
The SPEQS1.0-CS electronics platform consists of three main opto-electronics
subsystems: the laser diode driver and an optical feedback system, polarisa-
tion rotator, and single photon detection system. This chapter will discuss
the laser diode driver and its optical power feedback system designed for the
SPEQS1.0-CS devices.
3.1 Semiconductor Laser Diodes
For the SPEQS1.0-CS design, a wavelength stabilised, semiconductor laser
diode (LD) has been chosen as the pump (!p). These LDs exhibit better
spectral characteristics with their integrated external feedback gratings. They
output center wavelengths with line widths around ±1 pm which is few orders
of magnitude better spectral stability compared to non-external cavity LDs.
This level of linewidth is required for collinear Type-I SPDC sources as a
change in pump wavelength by 1 nm shifts the output spectrum by 40 nm (at
20  C and a phase matching angle of 28.8  for a 405 nm pump). Thus, with
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spectral filters (typical 10 nm bandwidth) in place (to cuto↵ any stray light)
in front of single photon detectors, it will result in loss of correlations. By
utilising such wavelength stabilised LDs wavelength shift related uncertain-
ties of the optical source can be mitigated. These external cavity integrated
semiconductor LDs are commercially available as compact designs (TO can)
and can be easily integrated to the form factor of SPEQS1.0-CS design.
For the SPEQS1.0-CS design, a wavelength stabilised continuous wave
LD from Ondax [104] has been chosen. These SureLockTM LDs use external
volume holographic gratings (VHGs) to stabilise their center wavelengths at
405 nm with ±1 pm line width. The output of the LD is a collimated beam
with full width at half maximum (FWHM) of 0.8⇥ 0.4 mm.
These semiconductor LDs are made of direct band gap materials such as
GaN, GaAs etc. depending on their center wavelength requirements. These
are heavily doped p-n junctions, combined with an internal optical feedback
mechanism to sustain optical oscillations.
Such a p-n junction, when forward biased with a voltage source (V), mi-
nority carriers will be injected into the active region and get recombined
to produce photons. As a result of the forward biased junction, there will
be high concentration of minority charges present around the junction and
causes population inversion which is required to produce coherent light. This
injected carrier concentration is directly proportional to the steady state cur-
rent density of the LD. When the steady state injection current density is
above a certain threshold current density, the semiconductor LD starts to
produce coherent light [36].
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3.2 Laser Diode Properties
When choosing a LD for power constraint designs, it is important to check its
threshold current (It) as it defines the minimal current compliance of a LD
driver. This threshold current can be defined as the steady state injection
current required to overcome all the optical losses such as photon absorption,
mirror and gain medium losses associated with the internal laser cavity. The
It of a semiconductor LD is temperature dependent and figure 3.1 shows the
e↵ect of temperature (It increases with temperature) on the chosen type LD.
The output photon flux ( o) of a LD, when the laser injection current (I)





Here ⌘d is the di↵erential quantum e ciency of the LD and “e” represents
the electron charge. The practically measurable quantity of a LD is its output
power which is given by Po(=  oh⌫) where ⌫ is the central wavelength of the
LD. A curve obtained by measuring Po vs injection current is known as the
light-current curve of the LD and its slope defines the di↵erential e ciency
(Rd) of the LD. Thus, a LD can be electrically characterised by obtaining its
light-current curves at a given range of temperature.
3.2.1 The Light-Current Curve of Ondax LDs
The light-current curve of the Ondax LD has been measured at two temper-
atures (16  C & 28  C) as shown in Figure 3.1. It is observed that at high
temperatures the LD losses its optical lower at a given injection current due to
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increase in It. The gradient of this curve can be used to derive the di↵erential



















Figure 3.1: The light-current curve of an Ondax LD at 16  C & 28  C and the
corresponding threshold currents are 24mA and 28mA respectively. Power
fluctuations at a particular current range for a given temperature are due to
the external optical feedback cavity integrated into the LD.
For this particular LD design, the optical power fluctuates at a particular
temperature for a given current range (see Figure 3.1, 16  C curve). This is
due to the external VHG used in the LD to narrow down the line width of the
center wavelength. This makes it di cult to arrive at a fixed Rd and based
on the data points at 28  C it can be approximated to 0.83mWmA 1 and
the data sheet specifies 1mWmA 1.
3.2.2 Laser Diode’s Wavelength Stabilisation
In this particular LD, an external reflective VHG has been integrated to
achieve its much narrower line width. It is common to use such an external
feedback cavity to narrow down the spectral line width of the fundamental
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mode of a LD. There are several techniques that can be used to achieve this,
such as fiber Bragg gratings (FBG) [105], di↵ractive gratings and VHGs [106].
A VHG is made of a thick optical transparency which can record an
interference intensity pattern of two waves (called as reference and object
waves). By interfering two waves at an angle ✓ w.r.t their
#»
k vectors inside a
thick optical transparency, a di↵raction grating (grating space of ⇤) can be





where   is the free space wavelength of the waves and n is the refractive
index of the material. According to this relationship only waves with the
appropriate wavelength ( ) will be e ciently di↵racted at an angle ✓. It is
also noted that any  -✓ combination which satisfies the above equation can
be e ciently di↵racted.
By illuminating such a VHG (with a recorded pattern) by a reference beam
(at  ) the object wave pattern can be reconstructed, which is the fundamental
of making holograms. A reflective or transmission VHG can be constructed
when the two waves are interfered in anti-parallel or parallel direction (i.e.
✓ = 0). In such a case, the above relationship simplifies to 2n⇤ =  .
The chosen LD’s reflective VHG is placed external to the intrinsic optical
cavity. It has already been reported that such external feedback configu-
rations will lead to multi-stable and hysteresis conditions while achieving
narrower line widths [107]. These conditions depend on the optical feedback
intensity, phase and time delay relative to the coherent length of the intrin-
sic cavity of the LD. It is reported that a 0.5mm thick VHG has a typical
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FWHM bandwidth of 0.5 nm, which is su cient to cause mode hopping when
the temperature or the current of the LD changes [108].
This e↵ect has been checked by keeping the LD’s case temperature and
the injection current at a constant value and then by varying the external
cavity length. Mode hopping has been observed with mode distances close
to the external cavity mode spacing. A similar behaviour has been observed
by varying either the casing temperature or the injection current of the LD
while maintaining the external cavity distance at a fixed value [108]. This
clearly explains the power fluctuations present in the light-current curve of
the chosen LD at particular temperatures and injection currents.
The orbital temperature gradients and the LD’s self heating (more than
90% input power to the LD converts to heat) will cause optical power fluctu-
ations under a fixed injection current. In order to do a fair comparison of the
correlations and to comment on crystal gluing and holding techniques, the
pump power should be stabilised irrespective of orbital conditions and the
LD’s self heating. The next section describes the adopted constant current
driver design for the LD.
3.3 Laser Diode Driver Design
A LD operates as a forward biased p-n junction and its current to voltage
relationship should follow the diode’s equation.
I = Is(e
V
VT   1) (3.3)
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where Is is the reverse saturation current of the LD, VT =
kT
e is the
thermal voltage and T is the temperature. Thus, a typical forward biased
circuit such as a voltage source with a series resistor should be capable of
driving a LD (similar to a LED circuit). Drawbacks of such a circuit is the
injection current dependence on temperature and the inability to adjust the
injection current dynamically to achieve a stable optical power.
By definition, a constant current driver should be capable of delivering
a fixed current irrespective of load conditions within its output compliance.
A temperature independent constant current driver can be designed with
an active electronics. An operational amplifier (OPAMP) based constant
current driver has been adopted for the SPEQS1.0-CS design as shown in
Figure 3.2. A n-channel metal oxide semiconductor field e↵ect transistor
(n-MOSFET) acts as the current controlling device. For this circuit, a n-
MOSFET is preferred over a bipolar junction transistor (BJT) due to its zero
input bias currents (low power) and temperature independent output current
Ids.
In this circuit, the OPAMP (OPA171) drives the gate voltage of the n-
MOSFET depending on the di↵erential voltage present at its input terminals.
The non-inverting terminal voltage is set by an external Digital to Analog
Converter’s (DAC) output voltage (Vl). The injection current (Ild) is feedback
to the inverting terminal of the OPAMP to achieve a negative feedback loop.
Assume a constant Vl at the non-inverting terminal of the OPAMP and
a low feedback voltage present at the inverting terminal due to an injection
current drop. The positive di↵erential voltage present at the OPAMP inputs















Figure 3.2: The constant current driver design adopted in the SPEQS1.0-CS
design. The laser injection current (Ild) can be adjusted by changing the Vl via
an external digital-to-analogue (DAC) controller. A PSoC3 micro controller
adjusts the DAC output according to the required injection current level.
This in turn increases the n-MOSFET’s output current (i.e. Ild) causing the
feedback voltage to rise (Vs = IldRs). This e↵ectively reduces the di↵erential
voltage present at the OPAMP input terminals. The circuit reaches its steady
state condition when Vl = Vs
Rb
Rb+Rf












achieved in this configuration. This OPAMP based current driver is capable
of compensating for load variations such as LD’s current-voltage fluctuations
due to temperature.
For instance, assume that the temperature of the LD has increased. This
will e↵ectively increase the voltage drop across the LD at a constant current
and later causes Ild to reduce. Accordingly, the feedback voltage present
at the OPAMP’s inverting terminal goes below Vl. The positive di↵erential
voltage present at the input terminals increases the OPAMP’s output voltage
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and causes Ild to increase. The negative feedback loop stabilises Ild at its
set value by increasing the OPAMP output voltage until its di↵erential input
voltage is zero. Exact opposite thing happens when Ild increases above its
set point.
The injection current of the LD is set by the external voltage DAC con-
nected to a micro controller (PSoC3). A 5V reference voltage has been used
with a 12 bit DAC (LTC2632) which gives a voltage resolution of 1.22mVbit 1
for Vl. Also in the circuit Gl = 2 and Rs = 20⌦ (0.1%) which gives an in-
jection current resolution of 122 µAbit 1. Based on the experimentally cal-
culated di↵erential e ciency of the LD (0.83 µW µA 1), the optical power of
the LD can be controlled at ⇡ 101 µWbit 1. The uncertainty of the DAC is
±0.5LSB which makes the output power uncertainty of ± 50 µW. At typical
operating conditions of the LD (10mW) this corresponds to an uncertainty
of ± 0.5%. In this circuit, R0 limits the injection current (Ild,max) that can
flow through the LD and it is given by
Ild,max =
Vcc   Vld   Vds
R0 +Rs
(3.5)
The LD’s typical forward operating voltage is 5.4V and a supply voltage
of Vcc = 9V has been chosen. R0 is set at 50⌦ which results in a maximum
injection current of 48.5mA (at Vds = 0.3V ). This upper limit can be changed
according to the application needs by varying R0 and Vcc. The chosen 9V
supply voltage is optimised (less number of DC to DC converters, low input
power etc.) as it is shared with the polarisation rotator driver circuit. A
compensation capacitor (Cf ) is placed in between the OPAMP’s output and
inverting terminals to suppress any oscillations due to positive feedback.
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For this particular LD there is no specific requirement to connect its cath-
ode to a common terminal. So the LD’s cathode is connected to the drain
terminal of the n-MOSFET. This has enabled the use of a 5V reference volt-
age (to DAC) to control the injection current via a microcontroller. It also
allows the injection current’s set point to be changed dynamically by adjust-
ing Vl.
The temperature dependent optical power of the LD at a given injection
current can be stabilised by either maintaining the temperature of the LD
or by implementing an optical feedback system. Both these alternatives are
evaluated in the following sections to choose the power e cient option for the
SPEQS1.0-CS design.
3.4 Thermal Controller Design
A temperature control system can be designed with either passive or active
elements. A passive thermal controller utilises special emission coatings, insu-
lators, reflectors and heat radiators etc. to maintain the temperature. There
have been some recent progress in passive thermal control system design tar-
geting CubeSats such as louvers [109]. Such technology was not commercially
available during the design phase of the SPEQS1.0-CS and also due to high
dynamic nature of the space environment, passive thermal control alone may
not be su cient to stabilise the LD’s temperature.
On the other hand, active thermal controlling involves in electric heaters,
heat pipes and thermoelectric coolers (TEC). Typically, electric heaters are
used to maintain the temperature in a heat loosing (negative temperature
74
gradient) environment. In LEO, it is quite common to experience both neg-
ative and positive thermal gradients (± 0.5  Cmin 1 on average) depending
on the orbital phase [70], [71]. In addition to that, heat generated by the LD,
GM-APDs and other electronic components makes it di cult to maintain the
temperature of the optical trench with just heaters. The integrated heater
system will only be e↵ective in a heat loosing environment and any heat loss
higher than 0.4W cannot be compensated. Heat pipes are also an attractive
technology which operates on two phase evaporative and condensing mecha-
nism, but has been ruled out due to design complexities and payload volume
constraints.
TECs are more suitable for these type of applications as they are capable
of cooling and heating when needed. Also their compact designs and Cube-
Sat compatible dimensions [110] make them the most viable option for the
SPEQS1.0-CS design. An input current flowing in one direction heats one
side of the TEC with respect to the other side. This temperature gradient
can be reversed by changing the direction of the input current. A suitable
heat sink attached to the other side of the TEC can dissipate or provide heat
accordingly.
The chosen LD draws about 40mA of current to produce 10mW of op-
tical power (see Figure 3.1). Typically with its 5.4V forward voltage, the
corresponding electric power delivery to the LD is 216mW, out of which
206mW converts to heat. The optical trench (made of Al) has a mass ⇠250 g
& the specific heat capacity of Al is 0.896 JK 1 g 1. Thus, with the above
mentioned temperature gradients (0.5  Cmin 1), a TEC requires to remove
1.86W of heat in order to keep the optical trench’s temperature at a con-
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stant. This figure climbs up to 2.066W when the LD’s self heating is added.
In this calculation the heat generated by the two GM-APDs have not been
considered, even though the amount of heat generation is not negligible.
Thus, a TEC with a suitable heat sink should be capable of removing
at least 2.066W of heat in order to maintain the LD & the optical trench
at its operating temperature. From the data sheet of the chosen TEC [110],
an input voltage of 0.8V is required to remove 2W of heat. This creates
a temperature di↵erence of 6  C between the cold and hot side of the TEC
when its hot side temperature is maintained at 30  C.
These temperature values are quite common for LEO experiments and the
assembly temperature of the SPEQS1.0-CS also falls around 22  C to 24  C.
This corresponds to an input current draw of 1.3A at 0.8V according to the
data sheet, and the corresponding electrical power draw is ⇠1.04W. More
power is required to remove similar amount of heat at higher gradients and
such situations are common with these LDs. For instance, the LD used in the
Galassia mission is stable around 18.7  C (0x10 profile). In such a situation,
the TEC electrical power requirement can be easily climbed ⇠ 2.2W range,
when the heat to be removed is chosen at 2.4W with a 12  C gradient to
be maintained (1.2V curve at a 12  C temperature gradient requires 1.8A of
current [110]).
This level of power consumption by a temperature controller alone cannot
be justified for the SPEQS1.0-CS design due to CubeSat SWAP requirements
(for a 1U CubeSat). Instead, an external optical feedback system has been
adopted to maintain the optical power of the LD as described in the next
section.
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3.5 Opto-Electronic Feedback System Design
In SPDC, pump photons are down-converted to daughter photons at a very
low e ciency and rest of the pump photons (almost 99%) are filtered out.
These unproductive pump photons can be used to monitor the optical power
of the LD via a suitable optical detector. The output flux of a light beam
can be measured by converting the photon energy into a measurable form
like electric current or heat. Based on the detection mechanism we have
photoelectric and thermal detectors. Thermal detectors are ruled out from
the SPEQS1.0-CS design due to their slow response and IR band detection
optimisations.
The working principle of photoelectric detectors, is based on the pho-
toelectric e↵ect where a high energy photon (h⌫ >  ) interacts with the
detector material and generates an electron-hole (e-h) pair. Here  is the
photoelectric work function of the detector material. As a consequence, mo-
bile carriers of the material will be increased and it can be detected under a
suitable electric field.
Photodetectors which are based on the internal photoelectric e↵ect, can
be used as either photoconductors or photodiodes. In a photoconductor, the
conductivity of the material ( ) increases in proportion to photon flux ( ).
By applying a fixed external electric field (a DC voltage) this increase in
conductivity can be detected as a voltage drop across a series resistor. But,
commercial photoconductive detectors [111], [112] have been optimised at
wavelengths beyond 1 µm, and ruled out from the SPEQS1.0-CS design.
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3.5.1 Semiconductor photodiodes
Semiconductor photodiodes are manufactured with intrinsic (Si, Ge) as well
as compound (SiC, InGaAs) materials to serve for di↵erent wavelengths.
Si based photodiodes are responsive to photon wavelengths from 300 nm
to 1000 nm and a photodiode from Hamamatsu has been chosen for the
SPEQS1.0-CS design.
Under a bias voltage (V) and with an incoming photon flux of  , the I-V
relationship of a photodiode can be written as
i = is[e
V
VT   1]  ip (3.6)
where ip is the photo current flowing in the direction of saturation current
of the photodiode due to  . A photodiode can measure an incoming photon
flux under three modes: photoconductive (reverse-biased), short-circuit and
photovoltaic (open-circuit).
In photovoltaic mode, the open circuit voltage (V = Voc when i = 0
in equation 3.6) of the photodiode is sensitive to the natural logarithm of
incoming photon flux ( ). The sensitivity of the detector response is limited
and Voc is also sensitive to temperature. Thus the photovoltaic mode has
been ruled out.
On the other hand, in the short-circuit mode (i.e. V = 0)
i =  (is + ip) (3.7)
As ip = ⌘e  where ⌘ is the quantum e ciency of the photodetector, the
measured short-circuit current is directly proportional to the incoming photon
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flux. In this mode the sensitivity and linearity of the photodetector is fully
exploited and the response is temperature independent.
In practice, this short-circuit current is measured by either active or pas-
sive circuits in photoconductive mode. A reversed bias p-n junction is pre-
ferred to reduce the junction capacitance and increase the photon detection
e ciency. In an active circuit, a current to voltage (trans-impedance) am-
plifier circuit is used to detect the photo current. Such a trans-impedance
amplifier circuit can be designed using an OPAMP or a BJT.
In an OPAMP based design, the non inverting input terminal maintains
the voltage of the cathode at the common value irrespective of the short circuit
current. The anode of the photodiode is connected to a negative voltage to
achieve the required level of reverse bias. This allows a constant reverse bias
voltage to be maintained across the junction irrespective of the incoming
photon fluxes as shown in Figure 3.3 (blue line). This design requires an
extra inverting gain stage to convert this negative voltage signal to a suitable
positive voltage level to be sampled by an analog to digital converter (ADC).
In the SPEQS1.0-CS design, these negative power supply requirements
and extra gain stages have been ruled out due to SWAP requirements. A
compact and power e cient approach would be to use a voltage source and a
series resistor to reverse bias the photodiode as shown in figure 3.4. The load
line of this circuit (red line in Figure 3.3) is given by
VB =  V   iRl (3.8)
where VB is the externally applied bias voltage and Rl is the series resis-
tance. A high |VB| and a low Rl is preferred to cover most of the flat region
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of the i-V curves to achieve a linear operation. The only drawback of this









Figure 3.3: A photodiode is reversed bias (VB) with a series resistor (Rl). The
load line (red) is superimposed on the i-V curve of the photodiode to get the
operating conditions. The load line in blue corresponds to a trans-impedance
circuit operation. Here  0 corresponds to a non illuminating condition.
An extended structure of a p-n photodiode called p-i-n photodiode [113]
has been chosen to operate with the proposed reverse bias circuit (Figure 3.4)
for SPEQS1.0-CS devices. This photodiode’s extra intrinsic layer (lightly
doped) extends the depletion region of the diode to achieve a high photon
detection e ciency and fast response.
The circuit uses Vcc = 9V, R = 3.3 k⌦ and Rs = 470⌦. This gives
a maximum photo current measurement range of 0mA to 2.387mA. The
responsivity of a Si p-i-n photodiode at 405 nm is ⇠ 0.15mAmW 1 [113] and








Figure 3.4: The p-i-n photodiode is reversed bias with a series resistor. Cor-
responding diode current is sensed via the inbuilt analog to digital converter
of PSoC3.
The PSoC3 has an inbuilt 12 bit Analog to Digital Converter (ADC),
which can be configured to operate with a 1.024V (0.1% stability) internal ref-
erence voltage. This corresponds to a voltage resolution of 250 µVbit 1. Thus
the ADC circuit responds to any optical power fluctuation above 3.55 µWbit 1.
The power consumption of this circuit at its peak optical power detection is
⇠ 21mW which is 50-100 times lower than the temperature stabilisation ap-
proach (TEC) discussed in the previous section.
3.5.2 System Noise Levels
The dark current of this photodiode is 0.4 nA at 25  C for a reversed bias
voltage of 10V with a temperature coe cient of -1.15  C 1 [113]. In the
SPEQS1.0-CS design, with Rs = 470⌦ the dark current corresponds to a
noise voltage of 0.188 µV at 25  C. The noise voltage of the ADC is ±125 µV
which is three orders of magnitude higher than the dark current voltage of the
photodiode and the system noise is governed by the readout circuitry (±0.5
LSB of the ADC). A temperature change of 10  C would results in a 2.162 µV
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of dark current related voltage at Rs which is still below the noise level of the
ADC and the temperature e↵ects on the photodiode can be neglected.
3.6 Temperature Independent LD Operation
The photodiode feedback circuit described in the previous section can be
used to stabilise the optical power of the LD as shown in Figure 3.5. Let
the required optical power to be maintained is P0 and it requires an injection
current of I0 at T0. Now, if the temperature has increased to T1, the optical
power will drop down to P1 at an injection current of I0. The photodiode
based negative feedback loop can detect this power di↵erence and the injection









Figure 3.5: The optical power of the LD needs to be maintained at Po. At T0 it
requires an injection current of Io to maintain Po. At a di↵erent temperature
(T1 > T0), by adjusting the injection current (to I1) the set point can be
maintained.
In SPEQS1.0-CS, a proportionate, integrative (PI) controller determines
the error in optical power via the photodiode circuit. The controller adjusts
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the injection current of the LD via the output (Vl) of the external DAC of
the driver circuit (Figure 3.2).
3.6.1 Experimental Results
The photodiode’s response has been calibrated with respect to a standard
power meter (Thorlabs PMD100). The required optical power to be main-
tained (i.e. the reference of the PI controller) is programmed to the PSoC3 as
a reference photodiode voltage. Then the photodiode voltage is sampled at



















Figure 3.6: The performance of the PI controller when the reference optical
power is set at three di↵erent values. At specific temperature ranges the
optical power of the LD is unstable and the controller is unable to lock to the
reference point.
The PI controller has been tested with a chosen type LD, by mounting
it into a similar type optical trench used for the SPEQS1.0-CS design. The
controller performance was evaluated over a temperature range of 14  C to
30  C using a reference optical power of 8mW (blue line in Figure 3.6). It was
noted that at some specific casing temperatures of the LD the PI controller
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was unable to stabilise the optical power.
Further tests carried out at di↵erent reference optical powers (4mW and
10mW) showed similar behaviour around these temperature ranges (see Fig-
ure 3.6 orange and black curves). It is clear that at di↵erent reference optical
powers, the unstable temperature ranges are partially overlapping. Also at
lower optical powers (i.e. 4mW) the amount of optical power fluctuations are
minimal. This may be due to the optical intensity dependent mode hopping
phenomenon reported on external feedback grating LDs [108]. This behaviour
is further confirmed in the manufacturer data sheet where a temperature-
current heat map is given for the LD’s center wavelength as shown in Figure
3.7.
Figure 3.7: The temperature-current heat map for the center wavelength
of a wavelength stabilised Ondax laser diode. Image copyright of Ondax
incorporation.
In the SPEQS1.0-CS design, these unstable temperature ranges (for a
given reference) are ignored while collecting the correlation data. During an
experiment it is observed that the temperature of the optical trench increases





As stated in the chapter 2, a compact, electrically controllable polarisation
analyser has been adopted for the SEPQS1.0-CS design. Such a design is pre-
ferred over a conventional a rotor based design to eliminate any interference
with the host satellite’s attitude determination control system.
In the SPEQS1.0-CS design, a polarisation beam splitter (PBS) combined
with a liquid crystal polarisation rotator (LCPR) operates as the polarisation
analyser. The transmission and reflection paths of the PBS are defined as
|Hi and |V i basis respectively. Figure 4.1 illustrates the implementation of
the polarisation analyser set-up in the SPEQS1.0-CS design.
This setup provides two quantitive information about the incoming state
of a correlated photon pair in {|Hi, |V i} basis: polarisation contrast be-
tween the two photons (visibility), and the number of correlated photon pairs
produced (brightness) by the source.
The visibility is calculated by setting the polarisation rotator angle of the











Figure 4.1: The polarisation analyser setup adopted in the SPEQS1.0-CS
design. The incoming correlated photons (|Hi ⌦ |Hi) are spatially separated
and directed toward their respective polarisation analysers by the dichroic
mirror (DM). The polarisation analyser setup (LCPR & PBS) analyses the
polarisation state of the photons before they are detected by the GM-APDs.
rotator angle of the LCPR2 in |V i basis of the PBS2 or vice versa. Ideally
with a Type-I SPDC source, this setting will result in zero number of correla-
tion events between the two GM-APDs. But, in practice due to GM-APD’s
background counts, it will result in non-zero correlated events. When the
two polarisation rotator angles are aligned in the direction of the |Hi basis
of PBS 1&2, the GM-APDs will record the maximum number of correlation
events (i.e. brightness).
The first part of this chapter will describe the adopted polarisation rota-
tor technology and the low power electronic driver design implemented in the
SPEQS1.0-CS design. In the second part, a new driver design will be pre-
sented which can be used with the same technology. This design is capable of
driving and temperature compensating a LCPR simultaneously and will be
adopted to the SPEQS1.0-ES design.
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4.1 Polarisation Rotators
A linear polarisation rotator changes the direction of linearly polarised light




where ✓ is the angle of rotation.
Such a device can be designed based on the total internal reflection (e.g.
prism rotators), birefringence of materials (e.g. calcite, liquid crystals), magneto-
optic e↵ects of materials (e.g. faraday rotators) etc. For the SPEQS1.0-CS
design an electrically controllable polarisation rotator has been chosen.
Electrically controllable polarisation rotators are mainly based on chang-
ing the birefringence of certain materials. A birefringent material or a medium
exhibits di↵erent refractive indexes for orthogonal polarisations. The bire-
fringence of certain materials can be controlled via an applied electric field.
Depending on the order of the applied electric field there are Pockels, Kerr,
and liquid crystal cells.
Typically, a Pockels cell requires few kV of driving voltage to change its
birefringence by a considerable amount [114]. Kerr cells also require electric
field strengths over 10 kV cm 1. On the other hand, liquid crystals achieve
similar level of birefringence when they are operated below 20V [115].
Pockels and Kerr cells are less attractive options for the SPEQS1.0-CS
design, due to their very high voltage operating conditions and power re-
quirements. Thus, a nematic liquid crystal based polarisation rotator has
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been adopted for the SPEQS1.0-CS design and the specific implementation
will be discussed in the following sections.
4.1.1 Liquid Crystals
Liquid crystals are a special form of matter in which the molecules exhibit
orientational order (similar to crystals) with no positional order (like liquids)
in three dimensions. Based on the positional and orientational order, there
are three types of liquid crystals: nematic, smectic and cholesteric.
In nematic liquid crystals, the average orientation of the molecules tend
to be in the same direction but lack positional order in all three dimensions.
Smectic liquid crystals exhibit positional order in one dimension and an ori-
entational order in all three dimensions. In the cholesteric type, molecule
orientation is maintained in a plane and this orientation undergoes a helical
rotation around a perpendicular axis for the adjacent planes. Among these,
nematic liquid crystals exhibit optical anisotropy which can be exploited in
polarised light applications [36].
Liquid crystals falls under uniaxial crystals where two di↵erent orthogo-
nal principal refractive indexes called ordinary (no) and extra ordinary (ne)
are experienced by polarised light when traversing through it. For a negative
uniaxial crystal no > ne, polarised light travelling along these two axes ex-




Thus, polarised light having electric components in both ordinary and extra






per unit length when propagating through a liquid crystal. Here   is the
free space wavelength of light.
Liquid crystal molecules have rod like asymmetric shape which gives its
anisotropic optical properties. A directive vector can be defined along the
elongated axes of liquid crystal molecules which is also known as the optical
axis of the crystal. This directive vector tends to align with an externally
applied electric field (i.e. a voltage). Hence, the optical axis of a liquid
crystal can be electrically controlled.
The external electric field can be either direct current (DC) or alternating
current (AC), as a liquid crystal molecule’s orientation is independent of the
applied electric field frequency. In practice, an AC field is preferred over a
DC field in order to reduce ionic build up inside the liquid crystal cell.
The optical axis of a liquid crystal cell lies along the directive vector and
ne also follows the same direction when there is no external electric field
present (Figure 4.2 (a)). When an electric field above a certain threshold is
applied along the z direction, these directives tends to align in a new direction
and the optical axis changes accordingly. This causes the optical axis to align
in the y-z plane with an angle ✓ with respect to the y axis (Figure 4.2 (b)).











Here Vc is the threshold voltage where the liquid crystal molecules start
to show some response to an external electric field and Vo is a constant. The
















Figure 4.2: Liquid crystal cell’s optical axis direction (a) without and (b)
with an external electric field applied in the z direction. The directives make
a ⇡2   ✓ angle with respective to the z axis with the applied electric field.
Thus the optical axis (i.e. ne direction) of a liquid crystal can be varied
by applying an AC electric field in z direction. This modifies the principle
refractive indices along y and z directions. In x direction it is unchanged at










From this equation, at ✓ = 0  refractive index along y axis is n✓ = ne as
expected. When the liquid crystal molecule directives are fully aligned with
the external electric field (i.e. ✓ = 90 ) y axis refractive index is n✓ = no.
The total phase di↵erence or the retardation ( ) experienced by a wave
travelling along the z direction (with electric components in x and y direc-




(n✓   no)d (4.4)
Thus, a liquid crystal cell can be used as an electrically controllable vari-
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able retarder. By combining di↵erent types of fixed retarder plates (such as
mirrors, half wave plates, quarter waver plates) di↵erent optical e↵ects can
be achieved.
In the SPEQS1.0-CS design, the correlated photons are linearly polarised.
Thus, a linear polarisation rotator is required to align the polarisation of
incoming photons with respect to the PBS polarisation directions. Such a
linear polarisation rotator can be constructed with nematic liquid crystal
cells as described in the next section.
4.1.2 Liquid Crystal Polarisation Rotators
A liquid crystal polarisation rotator can be constructed by interposing a ne-
matic liquid crystal between two crossed quarter wave plates. Construction of
such a polarisation rotator is shown in Figure 4.3 based on the idea of Chun













Figure 4.3: A nematic liquid crystal is interposed between two crossed quarter
wave plates to make a polarisation rotator. By varying the retardance of the
liquid crystal, a linear polarisation rotation can be achieved [116].
A quarter wave plate introduces a ⇡2 relative phase shift between two per-
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pendicularly polarised waves and results in an elliptically polarised wave at
the end. In this setup the first quarter wave plate converts the linearly po-
larised light into an elliptically polarised light and the nematic liquid crystal
cell adds the intended amount of retardation before the two waves are recom-
bined back to linearly polarised light by the second quarter wave plate. The
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The resultant Jones matrix of the setup takes the form of the optical
rotator described in section 4.1. This setup can act as an electrically control-
lable linear polarisation rotator with an angle of rotation equal to half the
retardance introduced by the liquid crystal cell.
4.2 Liquid Crystal Driver Circuit Design
Typically, liquid crystal cells are driven with AC square waves with frequen-
cies ranging from 1 kHz to 10 kHz. The chosen liquid crystal cell [115] for the
SPEQS1.0-CS design is capable of achieving a 2⇡ retardation with an input
voltage of ±3V. Thus, the driver should be capable of generating a square
wave with a varying amplitude with a peak voltage of ±3V. The driver de-
sign specifications are revised to ±4.5V as the platform already has a 9V
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supply and as part of a contingency planning.
The CubeSat bus provides only a 5V supply to the SPEQS1.0-CS. Thus a
step up DC to DC converter is required to generate a 9V supply. Currently,
the most e cient step up converters are based on switch mode power supplies
(SMPS) and their power conversion e ciencies reach 80-90% at rated output
currents. A step up converter (LT1930) from Linear Technology [117] has
been chosen for this design and configured to provide Vcc = 9V from the
5V supply. The LCPR driver design adopted in the SPEQS1.0-CS design is













Figure 4.4: The AC square wave driver design for the LCPR. The circuit can
provide a 3 kHz square wave with a maximum voltage swing of ±4.5V to the
LCPR.
The inbuilt pulse width modulator (PWM) of the micro controller (PSoC3)
generates square waves at 0V to 3.3V with variable duty cycles from 0-100%.
The frequency of the PWM signal can be configured to generate the frequency
required by the liquid crystal (1 kHz to 10 kHz). In this design, the PWM has
been configured to generate a 3 kHz square wave at 50% duty cycle.
As the 3.3V square wave amplitude generated by the PWM is not suf-
ficient and dynamically adjustable, an intermediate variable gain stage has
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been cascaded to the output of the PWM. This consists of a 250 k⌦, 1024
steps, non-volatile digital potentiometer (AD5235) followed by a non-inverting
gain stage as shown in Figure 4.4. The wiper position (W) of the Digipot can
be controlled by a micro controller via the serial peripheral interface (SPI)
protocol. This allows the PWM signal amplitude to be varied from 0V to
3.3V at W. Then a non-inverting OPAMP (OPA2171) gain stage connect-
eded to the wiper position of the Digipot provides the required gain to drive




and corresponds to a peak to peak amplitude resolution of
dV = 3.31024(1 +
3.3
1.6) = 9.87mV / step
Finally, a single pole (fc ⇠ 0.7Hz) R-C high pass filter connected to the
output of the OPAMP stage generates the AC square wave required to drive
the LCPR.
The electronic driver’s performance has been tested with a LCPR setup
at room temperature. The LCPR has been placed in between two crossed
polarisers and a double stage TEC maintained the temperature of the LCPR
at 22  C. A collimated laser beam at 850 nm has been used to determine the
rotation angles maintained by the LCPR for di↵erent amplitudes.
For a crossed polariser set up, the output optical power after the second
polariser should follow the Malus’ law. The normalised output power should
follow the sin2(✓) (Malus curve) pattern where ✓ is the relative angle between
the LCPR rotated polarisation direction and the transmission axis of the
second polariser. This angle (✓) vs applied voltage is known as the logistic
curve (response) of the LCPR.



















LCPR input voltage (V)
0
Figure 4.5: The logistic curves obtained for a LCPR with the new driver (in
orange) and using a function generator based square wave (in black) at 22  C.
All the input voltages are peak to peak values.
q ⇡2 angles where “q” is an integer. This may be due to the voltage dependent
fast axis alignment of the liquid crystals in x-y plane as reported by Terrier
et al. [118].
The logistic curves obtained for a particular LCPR (at 22  C), using the
new driver circuit (orange) and a standard function generator based square
wave (black) are plotted in Figure 4.5. Overlap of the two curves at a given
temperature suggests that the designed driver circuit is capable of controlling
the LCPR as specified. This circuit draws ⇠ 50mW of power to drive a
LCPR and has been integrated to the SPEQS1.0-CS design.
4.3 Temperature Dependent Logistic Curve
It is observed that the logistic curve of a LCPR exhibits some temperature
dependency. At low temperatures the logistic curve shifts toward right, thus
requires more voltage to maintain the same rotation angle as shown in Figure
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4.6 (a).
This behaviour can be explained by analysing the physical operation in-
volved in alignment of liquid crystal molecules to an external electric field. At
low temperatures due to low kinetic energy associated with the liquid crystal
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Figure 4.6: (a) Temperature dependent logistic curve of the LCPR. At low
temperatures more voltage is required to maintain the same amount of polar-
isation rotation. (b) The corresponding phase shift per degree celsius against




It is also noted that the phase shift per degree celsius is not same for
all rotation angles. Figure 4.6 (b) shows the phase shift per degree celsius
variation with the applied voltage when the temperature changed from 12.2  C
to 23.0  C.
The amount of phase shift due to temperature variations makes it di -
cult to conduct precision experiments. This e↵ect has already seen in the
SPEQS1.0-CS in orbit correlation experiments at low temperatures. The
correlation curve has shifted to right when plotted against the LCPR’s input
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voltage for the low temperature experiments.
For the SPEQS1.0-ES designs, precise polarisation rotation angles are
required to be maintained irrespective of temperature as quantum corre-





[|V i   |Hi]}). At each rotation angle the amount of phase shift is
di↵erent and it may appear as a degradation in entanglement visibility and
brightness when measured at di↵erent bases.
The following sections describe the development of a new low power driver
and a temperature compensation technique for the LCPRs which will be
adopted into the SPEQS1.0-ES designs.
4.4 LCPR Temperature Compensation
The SWAP requirements on CubeSat payloads has ruled out any active ther-
mal stabilisation of the optical trench even for the SPEQS1.0-ES design. In-
stead, a novel temperature compensation technique has been developed by
exploiting the physical properties of liquid crystals such as its intrinsic capac-
itance.
4.4.1 Liquid Crystal Capacitance
A liquid crystal cell’s intrinsic capacitance can be electrically modelled by a
parallel plate capacitor where the dielectric medium of the capacitor is made
of liquid crystals. The capacitance (C) is given by C = ✏Ad where ✏, “A” and
“d” are the electric permittivity, e↵ective area and separation between the
liquid crystal plates respectively.
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In a homogeneously aligned liquid crystal cell, the electric permittivity of
the medium depends on the molecule alignment direction. When no electric
field is present, the liquid crystal molecules director lies parallel to the external
plates and the corresponding electric permittivity of the cell can be defined as
✏?. With a strong electric field, the molecules will align with the field and the
resulting electric permittivity can be defined as ✏k. Any intermediate electric
field will result in an electric permittivity in between these two values [119].
The electric permittivity of a liquid crystal cell depends on temperature
as molecule alignment is a↵ected by the temperature at a fixed electric field.
Thus, the electric permittivity (or the capacitance) of a liquid crystal cell
under a fixed external electric field can act as a temperature sensor.
A liquid crystal cell’s total impedance can be modelled by a parallel
resistor-capacitor circuit as described by Costa et al. [120]. Typical resistance
values of a liquid crystal cell are in the order of few M⌦ and the capacitances
of few nF range. At the specified driving signal frequencies (1 kHz to 10 kHz)
the impedance of the parallel circuit is governed by the capacitance and can
be approximated by a pure capacitor. The capacitance of a liquid crystal cell
can be measured with a resistor-capacitor based relaxation oscillator circuit
as described by Marcos et al. [119].
4.4.2 Liquid Crystal’s Capacitance Measurement
Electronic relaxation oscillator circuits are based on the charging and dis-
charging process of a capacitor through a resistor, hence they are known as
relaxation oscillators. In such a circuit, a resistor-capacitor (R-C) network
is connected to a gain stage (typically an OPAMP based) with a positive
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feedback loop to create oscillations. The circuit oscillates at a particular fre-
quency when the Barkhausen stability criterion (closed loop gain >= 1 when
the closed loop phase is zero) for oscillations is satisfied.
Figure 4.7 shows a basic R-C oscillator circuit with its capacitance re-
placed by a liquid crystal (Clc) cell as proposed by Marcos et al. [119] to
measure its capacitance. Here the gain stage is designed using an uncompen-










Figure 4.7: A basic R-C oscillator circuit with its capacitance replaced by a
liquid crystal cell. The output frequency (fo) of the oscillator is a function of
the liquid crystal capacitance (Clc).
The operation of the circuit can be explained by assuming the following
initial conditions. The capacitor (Clc) is discharged and some noise voltage is
present at the input terminals (during power on) of the OPAMP and creates a
positive di↵erential input voltage (can be negative as well). Once the OPAMP
is turned on, its output voltage (Vo) sets to Vcc and the feedback voltage is
set to Vb =
VccRb
Rb+Rf
. This causes the capacitor to charge towards Vcc with a
time constant (⌧ = RClc). Once the capacitor voltage crosses Vb, the output
voltage of the OPAMP reverses to Vss and Vb =
VssRb
Rb+Rf
. Now, the capacitor
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discharges towards Vss and the output voltage changes back to Vcc when the
capacitor voltage crosses Vb. This charging-discharging process causes the








where k = RbRb+Rf .
In this circuit, the liquid crystal cell experiences a capacitor charging-
discharging wave (at fo) with unequal amplitudes set by the Vb. This voltage
imbalance can be removed by operating the OPAMP at Vcc =  Vss and by
integrating an output voltage clamp circuit. In such a case, the liquid crystal
cell experiences ±Vb amplitude.
A diode rectifier with a voltage divider can be used to interface this circuit
to a digital input pin of a micro controller (e.g. PSoC3 operating at 3.3V). A
frequency counter with ±1Hz precision has been implemented on the PSoC3
micro controller based on the application note [121] to monitor the fo. This
corresponds to a capacitance reading precision of ±0.5 pF.
This circuit (as a sensor circuit) can be used with the previously men-
tioned square wave LCPR driver to achieve temperature compensation. But
the design becomes less power e cient and requires more real estate to im-
plement as a complementary metal oxide semiconductor (CMOS) switch is
required to interface the driver and the sensor circuits with the LCPR. This
approach will also reduce the e↵ective experimental duty cycle in orbit due
to switching between the circuits. Instead, a new driver has been designed by
further modifying the liquid crystal cell’s capacitance sensing circuit which
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can address all the issues mentioned here.
4.5 A New LCPR Driver
According to the equation 4.2, the amount of polarisation rotation induced
by a LCPR is a function of the applied voltage’s RMS. Thus, any symmetric
AC signal which can provide the required RMS voltage levels, should be able
to drive a LCPR.
Triangle waves can be easily generated with power e cient electronic cir-
cuits and they already possess characteristics required by an AC signal to
drive a LCPR. For a given frequency, an AC triangle wave has a RMS volt-
age which is 1.5 times less than to a square wave. Thus, a triangle wave
should be able to drive a LCPR at higher peak to peak voltages.
4.5.1 The R-C Oscillator Circuit Revisited
The capacitance of a R-C oscillator circuit experiences a charging-discharging
wave when the circuit oscillates. At su ciently high frequencies (few kHz)
this wave can be approximated by a triangle wave as shown in Figure 4.8.
In this circuit, by adjusting the Vb the amplitude of the charging-discharging
wave can be controlled. When a LCPR is in place, the oscillation frequency
(fo) of the circuit will also be varied due to the change in liquid crystal’s
capacitance at di↵erent amplitudes (see Figure 4.8). This suggests that by
changing Vb the liquid crystal’s retardance can also be controlled and the
corresponding capacitance change can be measured simultaneously. If the














Figure 4.8: The amplitude of the capacitor charging-discharging wave of a
R-C oscillator circuit can be varied by adjusting the Vb. Two waves which
are plotted in black and orange correspond to Vb = ±2.5V and Vb = ±4V
respectively. The frequency of the signal varies due to the capacitance change
in the liquid crystal cell which is connected to the oscillator circuit.
ticular liquid crystal cell, this modified R-C oscillator circuit can be used to
drive a LCPR as well.
4.5.2 A Modified R-C Oscillator Circuit
In the basic R-C oscillator circuit, Vb needs to be adjusted (by changing the
resistor ratio) in order to vary the amplitude of the charging-discharging wave.
A convenient way of doing this is by replacing the positive feedback network
by a digital potentiometer (Digipot) as shown in figure 4.9. The Digipot can
be configured to operate in voltage divider mode and Vb can be dynamically
adjusted via its SPI interface.
The chosen Digipot (AD5292) has 1024 steps and can be operated with a
dual supply of ±12V. A voltage clamping circuit has been added to limit the
output voltage at ±9.8V. This gives a peak to peak amplitude controlling
resolution of 19.1mV/step for Vb.











Figure 4.9: The modified R-C oscillator circuit with its positive feedback
network replaced by a digital potentiometer (Digipot). A Zener diode based
amplitude limiter has been added to maintain a symmetric Vb.
diodes as shown in the Figure 4.9. Such a voltage clamping circuit is needed
as the output voltage of the OPMAP shows imperfections when it is driven
to supply rails and a↵ects Vb symmetry even when Vcc =  Vss. The Zener
voltage (Vz) is chosen at 9.1V and its forward bias voltage is 0.7V. In any
oscillation cycle, only one diode is forward biased and the other one operates
in the Zener mode. Thus the voltage (Vo) is clamped at ±9.8V irrespective
of the fluctuations at OPAMP’s output voltage. Ro is chosen such that it
maintains the minimum current required by the diode to maintain its Zener
voltage.
Figure 4.10 shows the logistic curves obtained with the modified R-C
oscillator (black) and a square wave (orange) at 22  C. It is clear that the
modified R-C oscillator circuit is capable of achieving the same amount of




















LCPR Input Voltage (V)
Figure 4.10: The logistic curves obtained for a LCPR with a modified R-C
oscillator circuit (black) and square wave (orange) at 22  C. All the input
voltages are peak to peak values.
4.5.3 LCPR Temperature Compensation
Any arbitrary polarisation rotation angle of a LCPR corresponds to a par-
ticular liquid crystal molecule orientation. Also for each molecule orientation
of a liquid crystal, a unique capacitance can be defined (as the electric per-
mittivity is unique). This suggests that there should be unique relationship
between the polarisation rotation angle and the capacitance of a liquid crystal
cell. The modified R-C oscillator circuit is capable of measuring these two
parameters simultaneously and plotted in Figure 4.11.
This relationship should hold true irrespective of temperature as polarisa-
tion rotation angle only depends on the liquid crystal’s molecule orientation.
Thus, by locking into the intrinsic capacitance of a given polarisation rota-
tion angle, a temperature free LCPR operation can be achieved. A digital
proportionate, integrative and derivative (PID) controller has been designed






















Malus angle (x π)
Figure 4.11: For each polarisation rotation angle a unique liquid crystal cell
capacitance can be measured and follows a non linear relationship as shown
here. The discontinuity at 1.5⇡ rotation angle is due to the fast axis orienta-
tion dependence on the applied voltage in x-y plane [118].
4.6 Control System Model
The block digram shown in Figure 4.12 represents the adopted control system
model. Here Cr is the reference capacitance determined from the Figure 4.11
which corresponds to the polarisation rotation angle to be maintained. Based
on the capacitance error signal (ec) a digital PID controller determines the
process input signal (Vb) via the Digipot.
The process input signal controls the amplitude of the charge-discharge
signal induced on the liquid crystal cell. The LCPR capacitance (Cm) input to
the controller is calculated (in software) via the measured oscillator’s output
frequency (fo). This calculated and reference capacitances determine the
error signal (ec) input to the digital PID controller.
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Figure 4.12: The block diagram of the adopted control model. A digital
PID controller determines the Digipot’s input setting (D) based on the ca-
pacitance error signal (ec). Here the transfer function of the Digipot (KD)
is 19.1mVbit 1. This sets the amplitude of the charging-discharging wave
induced on the LCPR. KLCPR represents the transfer function of the LCPR
where ✓ is the polarisation rotation angle which corresponds to Vb (new lo-
gistic curve of the LCPR). This rotation angle also causes the Clc to change
according to Figure 4.11 relationship where KLC can be approximated. The
oscillator circuit also acts as a sensor to measure the Clc via fo and feed-
backs to the PID controller. Kpol is the transfer characteristic of the crossed
polariser setup and P is the measured optical power after the second polariser.
4.6.1 Digital PID Controller Design
Even though the signals generated by the R-C oscillator circuit are continuos
nature, a micro controller based system senses and reacts at discrete time
intervals. Also, the Digipot has a finite delay time (few µs) to update its
registers with wiper settings. Thus, a digital PID controller has been adopted
for this design (see chapter 18.9 of [122]).
The following notation is used in [122] and has been adopted to describe
the discrete time system implemented for this experiment. A digital system
samples signals at a fixed sampling interval which is denoted by Ts. The
corresponding sampled values are annotated as yk, yk 1, yk 2, ... where yk is
the sampled value at kth time interval.
The integrator and di↵erentiator forms can be written with di↵erent nu-
merical approximations like the mid-point integration, the trapezoidal inte-
gration, backward form etc. which leads to di↵erent types of PID algorithms.
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In this implementation, the backward form has been used and the di↵erential





tk 1e(⌧) d⌧ = ekTs respec-
tively. Here ek is the error in sampled signal with respect to the reference
signal (yr) at kth time interval (i.e. ek = yr   yk) .
The proportionate (P) part of the controller is given by up(k) = Kpek
where Kp is the proportionate constant. The integrator (I) part is given by
the recurrence formula ui(k) = ui(k   1) +KiTsek where Ki represents the




[ek   ek 1] with Kd as the derivative constant. In the derivative
term the low pass filter introduced by the authors [122] to dampen any high
frequency noise has not been adopted as the sampled signal (i.e. oscillator
output frequency) is tolerant to noise. The full response of the PID controller
(u(k)) is given by the summation of these three terms up(k), ui(k) and ud(k).
u(k) = Kpek + ui(k   1) +KiTsek + KdTs [ek   ek 1] (4.6)
In this implementation u(k) represents the Digipot’s wiper setting (D)
and ek is the capacitance error signal. The PID controller has manually
tuned to lock into the desired capacitance range (from 600 pF to 1100 pF)
and the corresponding PID constants are Kp = 0.6,Ki = 0.04,Kd = 0.01.
These parameters have enabled the PID controller to lock into a reference
capacitance at ±0.5 pF precision.
The sampling interval of the system is Ts = 50ms, which is adequate to
perform all the computations and update the Digipot registers. This sampling
rate is chosen in order to be compatible with the event scheduling time of the




The temperature compensation capability of the new technique has been
tested for five polarisation rotation angles which are apart by 0.125⇡ rad.




















Figure 4.13: The polarisation rotation angle maintenance of the LCPR with
the capacitance locking technique. For this liquid crystal cell, below 286K
the logistic curve shows a di↵erent response compared to the 295K logistic
curve. Thus the polarisation rotation angle locking is not satisfactory below
288K.
Table 4.1 summarises the polarisation rotation angles using the new tech-
nique along with no temperature compensation for the modified R-C oscil-
lator circuit. The logistic curve of this particular liquid crystal below 286K
deviates significantly from the logistic curve obtained at 295K. Thus, the
performance of the driver is not satisfactory below 288K for this particular
LCPR.
From the data presented in Table 4.1 it is evident that by locking into the
















676 1.521 ± 0.006 0.194 1.521 ± 0.006 1.537 ± 0.026
708 1.963 ± 0.001 0.187 1.963 ± 0.001 1.969 ± 0.012
743 2.370 ± 0.001 0.179 2.313 ± 0.001 2.341 ± 0.022
782 2.763 ± 0.001 0.172 2.711 ± 0.001 2.735 ± 0.020
818 3.142 ± 0.024 0.187 3.190 ± 0.007 3.151 ± 0.022
Table 4.1: Column 1 shows the reference capacitances derived from the Fig-
ure 4.11 for the rotation angles at 295K (column 2). Column 3 shows the
error in each rotation angle, if the liquid crystal cell was at 288.5K, but had
continued to be operated with voltages corresponding to 295K. Column 4
tabulates the rotation angles maintained at 288.5K by locking into the ref-
erence capacitances. The average locked rotation angle over the temperature
range of 295K to 288.5K is tabulated in last column. Uncertainties are cal-
culated based on the PSoC3 ADC’s sampling error of ± 0.5 LSB. All the
rotation angles tabulated are in radians.
rotation angle can be maintained irrespective of temperature. This technique
works as long as the LCPR’s logistic curve shows no deviation (other than
the right shift due to low temperature) with the applied voltage.
The performance of the new driver in terms of polarisation rotation angle
maintenance is satisfactory. For instance, this LCPR at ⇡ rad polarisation
rotation angle, will result in an angle error of 0.029 radK 1 with no temper-
ature control. The new technique has mitigated this polarisation angle error
down to an o↵set angle error of 0.009 rad over a temperature range of 7K.
The new circuit currently consumes ⇠ 200mW of power with the ±12V
supply voltage (most of the power is used to maintain the Zener current at
⇠ 5mA). The power consumption of the circuit can be further reduced to
⇠ 50mW range by adopting low power Zener diodes (Zener currents in µA





The first part of this chapter describes the adopted single photon detection
technology for the SPEQS1.0-CS design and the second part describes a new
design that has been tested out for the SPEQS2.0-ES design.
In the SPEQS1.0-CS design, the final piece of hardware required to com-
plete a photon correlation experiment is the single photon detection sub-
system. Figure 5.1 shows the schematic of the photon correlation detection
system implemented in the SPEQS1.0-CS design. The digital pulses gener-
ated by the coincidence unit and the rest of the fan out signals are conditioned
(150 ns long pulses) to be detected by a micro controller (PSoC3). In a typ-
ical SPEQS1.0-CS experiment the singles and the corresponding correlated
events (coincidences) are collected over a certain period of time (50ms) and












Figure 5.1: The top level circuit diagram of the single photon detection unit
adopted in the SPEQS1.0-CS design. A constant level discriminator (CLD)
detects an avalanche pulse corresponding to a single photon and outputs a
digital signal. A digital fan-out IC makes three copies of this digital signal for
di↵erent circuits. One of them is fed to a D-FF/RC timing circuit to shape
the pulse to 1.9 ns before feeding it to the AND gate to detect correlations.
Finally, a microcontroller registers coincidences and the corresponding singles
via an edge detection circuit.
5.1 Single Photon Detection
An ideal single photon detector should possess the following properties: high
quantum e ciency, low background rates (i.e. non-illuminating detections),
low jitter (the time di↵erence between a single photon detection and a sig-
nal generation), fast recovery time and photon number resolving (ability to
resolve more than a single photon) capability.
Di↵erent detectors make use of di↵erent physical processes to detect single
photons and with the current technologies it is di cult to achieve all these
properties in a single detector. Depending on the physical mechanism, these
detectors exhibit superior properties in some aspects. For instance, a super-
conducting single photon detector changes Its superconducting state when a
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single photon is absorbed, and generates a macroscopic current in the exter-
nal circuit. These detectors generally exhibit very high quantum e ciencies
(typically above 95%) and very low background rates (few counts/s). But,
the timing properties of these detectors such as jitter and recovery times are
comparably low compared to other types of detectors.
For instance, superconducting transition edge sensors (TES) o↵er quan-
tum e ciencies around 95% at telecom wavelengths (1550 nm) with photon
number resolving capabilities (up to two photons) and very low background
rates when operated at 100mK [39]. The timing properties of these detectors
are quite poor with jitter times reporting at ⇠100 ns at full width at half
maximum (FWHM) and thermal recovery times of ⇠1 µs for the same device
[39].
On the other hand, superconducting nano wire single photon detectors
(SNSPD) exhibit quantum e ciencies above 90% at telecom wavelengths
(1550 nm) with low background rates (⇠1 cps), fast reset times (40 ns) and
low timing jitter (⇠ 150 ps) at FWHM when operated below 2K [124]. Both
these detector types have been ruled out for the SPEQS1.0-CS design due to
their cryogenic temperature requirement and volume constraints.
Given the SWAP constraints on CubeSat payloads, the most feasible single
photon detector technologies for the SPEQS1.0-CS design are the photo mul-
tiplier tubes (PMT) and Geiger mode avalanche photodiodes (GM-APDs),
even though their performance is low compared to superconductor based de-
tectors.
PMTs are the first such devices designed to detect single photons [125]
which are based on the external photoelectric e↵ect. Typical quantum ef-
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ficiencies of PMTs are ⇠ 40% at 500 nm and the best quantum e ciencies
available ⇠ 800 nm are below 10% [126]. These detectors require vacuum
operation (small footprints are commercially available) and few kV of bias
voltages. Thus, the high voltage requirement and low quantum e ciencies at
⇠ 800 nm band have ruled out employing these detectors with the SPEQS1.0-
CS devices.
On the other hand, semiconductor based Geiger mode avalanche photodi-
odes (GM-APD) are sensitive to single photons and currently, the workhorse
single photon detection technology in quantum optics experiments and in
field deployable applications. For the SPEQS1.0-CS design, GM-APDs have
been chosen and the implementation details will be discussed in the following
sections.
5.2 Geiger mode Avalanche PhotoDiodes
GM-APDs are p-n junctions designed with a high gain multiplier region (G =
106) to make them sensitive to single photons. These devices can be operated
in two modes: linear and Geiger mode. In the Geiger mode, the p-n junction is
reverse biased above a threshold voltage such that the electric field inside the
multiplier region is high enough to initiate an electron avalanche by impact
ionisation in the presence of an electron-hole (e-h) pair.
5.2.1 GM-APD Impact Ionisation
The single photon detection mechanism of a GM-APD is shown in Figure 5.2.
Here in area 1, a single photon is absorbed and an e-h pair is generated and
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subsequently, separated by the junction electric field. Due to the high electric
field present in the multiplier region, an electron is further accelerated and
impact ionise nearby atoms.
Figure 5.2: The GM-APD creates an e-h pair once it absorbs a photon (in
area 1). The electric field present in the junction separates and accelerates
them towards their respective p and n layers. These moving charges impact
ionise nearby atoms to create more e-h pairs to initiate an electron avalanche.
Image reproduced from Fundamentals of Photonics by B.E.A Saleh & M.C.
Teich [36].
When the transferred energy is higher than the band gap energy (Eg) of
the material, another e-h pair is generated in area 3 and a similar process
happens with holes in area 2. Thus, an electron avalanche is initiated inside
the semiconductor due to a single photon and the leading edge of the macro-
scopic current marks the arrival of a single photon. The leading edge of the
electron avalanche can be detected by an edge detector to register the single
photon.
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5.2.2 GM-APDs for the SPEQS1.0-CS Design
In a reach through GM-APD structure design, a separate absorption (thick)
and a multiplication (thin) layers exist to absorb single photons and to gen-
erate an avalanche respectively. The reverse biased voltage applied to the
GM-APD is su cient to make a moderate electric field in the absorption





















Figure 5.3: The quantum e ciencies of the wavelengths of interest are ⇠
60% and ⇠ 40% for 760 nm and 865 nm respectively. Image courtesy of Laser
Components [40].
These GM-APDs are commercially available with Si, Ge and InGaAs/InP
materials as the absorption layer which are sensitive to di↵erent wavelength
bands. For the SPEQS1.0-CS design, Si based GM-APDs have been chosen
(SAP500 from Laser Components) as they are sensitive to wavelengths from
300 nm to 1000 nm. Figure 5.3 shows the quantum e ciency of the SAP500
GM-APD based on the data sheet [40].
The operating voltage of a GM-APD increases with the thickness of the
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absorption layer. The chosen GM-APD design requires a typical bias voltage
⇠ 120V for the Geiger mode operation, which is also the lowest bias voltage
requirement among commercially available detectors.
5.2.3 GM-APD Operation
GM-APDs are sensitive to single photons when they are reverse biased above
its breakdown voltage (Vbr) at a given temperature. The voltage di↵erence
between the reverse biased voltage (Vb) and Vbr at a given temperature is
known as the excess voltage (Vex). The Vbr of a GM-APD is temperature
dependent and usually specified as a temperature coe cient in the data sheet.
For the SAP500, this is quoted at a typical value of 0.3V  C 1 [40] and Figure






















Figure 5.4: The breakdown voltage dependence on temperature for a SAP500
GM-APD. For this particular GM-APD the temperature coe cient of Vbr is
⇠ 0.17V  C 1.
Thus, a typical orbital temperature gradient of 0.5  Cmin 1 causes Vbr to
change at 0.15Vmin 1. An in orbit SPEQS1.0-CS experiment running for
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about 20min will result in a Vbr change of 3V. This will vary the Vex of a
GM-APD in a fixed bias circuit configuration.
The photo-electron detection e ciency (Pd) of a GM-APD, which is the
probability of initiating a successful avalanche, is a function of excess voltage
and given by the empirical formula
Pd = 1  exp( VexVc ) (5.1)
where Vc is the characteristic voltage of the GM-APD [127]. For SAP500,
Vc has been determined (⇠ 5V) by Grieve et al. [128] and the correspond-
ing relative change in photo-electron detection e ciency (with respect to
Vex = 8V) is ⇠ 21% when Vex = 5V (after 20min experiment time). As
temperature stabilisation is ruled out for the SPEQS1.0-CS design, a tem-
perature compensation technique is required to maintain the photo-electron
detection e ciency of a GM-APD. The next sections will go through the
adopted electronics design to operate the GM-APDs and the temperature
compensation technique implemented in the SPEQS1.0-CS design.
5.2.4 GM-APD Electronics Circuitry
Once an e-h pair triggers an electron avalanche, the GM-APD’s current rises
to a maximum value with in sub nanosecond time. This maximum current
is limited by the external circuit connected to the GM-APD and the bias
conditions. The avalanche current is self sustaining in the absence of an
avalanche quenching mechanism.
Thus, in order to successfully detect a photon using a GM-APD, the
following things have to be fulfilled by the electronics circuitry. The GM-
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APD should be reverse biased above its Vbr by the chosen amount of Vex. The
circuitry should be capable of sensing the onset of an avalanche and activate
a quenching mechanism to annihilate the avalanche. Once the avalanche is
fully ceased, a reset mechanism should bring back the GM-APD to its nominal
reverse biased condition to detect another photon.
The circuits which are employed to achieve the above mentioned tasks are
known as quenching and reset circuits. They fall into three basic categories
based on the quenching mechanism: passive, active and gated mode. In
a passively quenched circuit, the avalanche quenching and subsequent reset
operation are carried out entirely by passive components. In an actively
quenched circuit, once an avalanche is sensed, the sensing circuit triggers an
active circuitry to annihilate the avalanche and subsequently another circuit
resets the GM-APD. In the gated mode of operation, the GM-APD is in
Geiger mode for a certain time in a periodic fashion.
The particular use of each quenching circuit depends on the application
requirements. For instance, in a passive quenching operation a GM-APD
exhibits relatively long dead times (1 µs to 4 µs recovery time constants) and
suitable for moderate photon counting applications (few 100 kcps). On the
other hand, active quenching circuits are suitable for high count rate (few
Mcps) experiments where dead time requirements are ⇠ 50 ns to 100 ns range.
The gated mode of operation is commonly used with InGaAs/InP GM-APDs
to suppress high background rates. In this mode GM-APDs are operated over
few 100MHz repetition rates at few V of excess voltage.
In the SPEQS1.0-CS design, the SPDC source produces ⇠ 350, 000 pho-
tons/s at 10mW of optical pump power and given the other factors such as
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power consumption, circuit complexity and real estate availability, a passively
quenched GM-APD circuit design has been adopted.
5.2.5 Passively Quenched GM-APDs
Passively quenched GM-APD circuits utilise simple passive components to
quench an avalanche and to reset the detector. These are the very first type






Figure 5.5: A passively quenched, current mode output type circuit has been
adopted for the SPEQS1.0-CS design. Once an avalanche is triggered, a con-
stant level discriminator (CLD) senses the avalanche pulse when its amplitude
crosses Vr and produces a digital pulse.
In a passively quenched circuit, the GM-APD is reverse biased with a
series ballast resistor (Rq). A small sense resistor (Rs) is placed in series
with the GM-APD to sense an avalanche. Such a passively quenched, current
mode output circuit as described by Cova et al.[129] has been adopted for
the SPEQS1.0-CS design and Figure 5.5 shows the schematic design of the
circuit.
The operation ofRq is such that when an avalanche is initiated, the current
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draw from the external bias circuit creates a su cient voltage drop (⇠ Vex)
across the Rq such that the voltage across the GM-APD falls below Vbr.
This e↵ectively reduces the high electric field present in the multiplication
region and ceases the avalanche when the mean number of electrons traversing
through the junction becomes zero. Subsequently, the GM-APD’s cathode
voltage resets back to its initial reversed bias voltage (i.e. Vb) through Rq.
The pulse generated at Rs can be detected by a constant level discrimina-
tor (CLD) as shown in Figure 5.5. The CLD outputs a standard digital pulse
(CMOS logic levels) when the avalanche pulse height crosses the reference
voltage (Vr). These digital pulses are conditioned (stretched to 150 ns) and
registered by an edge detecting circuit.
5.2.6 Passive Quenching Circuit Parameters
The maximum avalanche current flowing through a GM-APD is given by
⇠ VexRd where Rd is the GM-APD’s internal resistance which can vary from
200⌦ to 1000⌦ [129]. At this chosen Vex (⇠ 8V), SAP500 GM-APDs exhibit
⇠ 35% and ⇠ 25% photon detection e ciencies (i.e quantum e ciency*photo-
electron detection e ciency) at 775 nm and 850 nm respectively [130].
In a passively quenched circuit, once Vex is fixed, the Rq has to be chosen




where Ilatch is minimum current required to sustain an avalanche and
termed as the latch current of the GM-APD which is ⇠ 50 µA for SAP500
GM-APDs [40]. In the SPEQS1.0-CS design, Rq has been chosen at 560 k⌦
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which allows the detector to be operated at excess voltage as high as ⇠ 24V.
In this circuit, the value of Rq defines the reset time constant of the
GM-APD circuit as well. The reset current flows through the Rq with a
time constant given by ⌧r = Rq(Cd + Cs), where Cd and Cs are the GM-
APD’s junction capacitance and stray capacitance presented at its cathode
respectively. Typically, Cd = 3.3 pF for SAP500 [40] and the corresponding
time constant is ⌧r = 1.8 µs without Cs being taken into account. The Cs
can vary from 1pF to few pF based on the chosen substrate material of the
printed circuit board (PCB) and the quality of soldering.
Thus, during a reset the excess voltage (hence the cathode voltage of the
GM-APD) is recovered exponentially and given by
Vex(t) = Vex(1  exp(  t
⌧r
)). (5.3)
In this circuit, at its nominal excess voltage setting (recovered at ⇠ 5⌧r),
the nominal photon detection rate is ⇠ 15⌧r = 111,000 counts/s. Above this
rate, the GM-APD detects photons at lower photon detection e ciency. Thus,
the response of the detector becomes non-linear at incoming photon rates
higher than 111,000 counts/s. This level of photon detection rate is clearly
not su cient for the SPEQS1.0-CS design.
The following sections describe the technique adopted in the SPEQS1.0-
CS design to achieve temperature independent photo-electron detection e -
ciency of GM-APDs and how it has also extended the linearity of the passively
quenched circuit.
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5.3 GM-APDs Temperature Free Operation
As pointed out in the section 5.2.3, a GM-APD operating at a fixed bias
voltage setting will experience Vex fluctuations ⇠ 3V for a 20min experiment
in LEO. This will make it di cult to compare the correlations and quantify
the source performance during an experiment. Thus, a dynamic excess voltage
adjusting mechanism is required to compensate for temperature fluctuations.
A typical thermistor based approach, which requires a calibration curve
between Vbr and temperature has been ruled out as part of the contingency
planning of the SPEQS1.0-CS design (e.g. a broken/detached thermistor,
shifts in Vbr calibration curve due to space radiation etc.). Also the case tem-
perature of the GM-APD may not be that accurate due to its poor thermal
resistance. Instead, a temperature compensation technique has been devel-
oped based on the avalanche pulse height of GM-APDs.
5.3.1 GM-APD Avalanche Pulse Height
A GM-APD’s avalanche pulse height (at Rs) for a current mode output circuit
is given by Vs ⇡ VexRd Rs. In a fix biased setting, Vs should be dependent
on temperature as Vex is temperature dependent. Figure 5.6 (a) shows the
avalanche pulse height and the Vex relationship for a SAP500 GM-APD at
22  C. This relationship suggests that an excess voltage change due to some
temperature fluctuation can be captured in the avalanche pulse height.
For a GM-APD at a fixed temperature and Vex, a unique pulse height
distribution exists as shown in Figure 5.6 (b). This feature can be used




















Figure 5.6: a) A GM-APD’s (SAP500) avalanche pulse height with Vex at
22  C. The error bars correspond to the measured pulse height distribution’s
full width at half maximum (FWHM) values. b) An oscilloscope measured
avalanche pulse (2 ns per div. time base) and its amplitude distribution at
Vex ⇠ 7.9V. c) The Vex transient measured with an oscilloscope (5 µs per
div. time base) for a polyamide (N85) based PCB.
operation as described in the next section. The transient excess voltage of
the circuit is captured in Figure 5.6 (c) which follows an exponential recovery,
will be further discussed in a later section.
5.3.2 A Modified GM-APD Circuit
A GM-APD’s avalanche pulse height information can be extracted by slightly
modifying the conventional passive quenching current mode output circuit as
shown in Figure 5.7.
Here an avalanche pulse is split into two pulses via a resistor divider
(Rs,t, Rs,b). The second pulse (Vs,b) has a lower amplitude compared to the




. These two signals (Vs,t and Vs,b) are labelled as top and bottom
pulses respectively.
















Figure 5.7: The avalanche pulse is split into two pulses with di↵erent am-
plitudes (Vs,t, Vs,b) via the resistor ladder (Rs,t, Rs,b) and detected by two
separate CLDs at di↵erent reference voltages (Vr,t, Vr,b). Depending on the
detected counts ratio for a certain integration time, a negative feedback loop
adjusts the bias voltage of the GM-APD via the gain stage (G) to maintain a
preset count ratio. This preset count ratio is a statistical constant for a given
excess voltage.
CLD-B) to register these pulses. At a given excess voltage, the avalanche
pulse height exhibits a certain distribution as shown in Figure 5.6 (b). Thus,
by varying the reference voltage of a CLD, a di↵erent amount of pulses can
be registered in each signal path.
The reference voltages of the two discriminators (Vr,t, Vr,b) are chosen at
calibration conditions (24  C and Vex = 7.9V) such that Vr,t should be low
enough to detect all the top pulses at the temperature range of interest (here
10  C to 30  C). Then, Vr,b is chosen (higher value) such that it registers only
a fraction of the top pulses at the above calibration conditions. The resulting
bottom to top pulse count ratio (BTR) for a given integration time, at the
above calibration conditions is a statistical constant. This BTR value can be
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used in a negative feedback loop to adjust the bias voltage of the GM-APD
to achieve a temperature independent Vex operation.
For instance, assume that the GM-APD’s temperature has increased above
the calibration condition, and Vex has reduced accordingly. This causes both
Vs,t and Vs,b amplitudes to go down. But, still Vr,t is low enough to register
all the top pulses, and the bottom pulses will be a↵ected due to the high Vr,b
value maintained in the system. As a consequence, the BTR will be dropped
down and indicates a temperature increase in the system. Similarly, the BTR
will increase when the temperature falls below the calibration conditions. In
order to maintain the same excess voltage at a new temperature, the BTR
has to be stabilised at its calibration value as it can only be recovered to
its calibration value at a similar Vex condition. A negative feedback loop
will adjust the bias voltage of the GM-APD until the calibrated BTR value is
recovered. The same BTR can only be recovered at any temperature when the
system maintains the calibrated excess voltage. The bias voltage adjusting
circuit will be discussed in the next section.
5.3.3 Gain Stage Design
For the SPEQS1.0-CS design, a high voltage DC supply from Matsusada
(TS0.2P) has been adopted to supply Vb [131]. This high voltage supply
requires a 12V supply voltage to operate and a DC to DC step up converter
(LT1930) provides the required supply voltage from the satellite bus (5V).
The converter requires a control voltage of 0V to 10V to sweep the output
voltage from 0V to 200V. For the SPEQS1.0-CS design, a bias voltage
adjusting range of 0V to 40V on top of Vbr (at calibrating conditions) has
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been chosen to cope up with any unexpected higher temperature gradients
and to maintain the linearity of the GM-APD at high photon rates.
The response of the TS0.2P has a sensitivity of 20VV 1 and an input
control voltage sweep of 2V is required to achieve a change of 40V output














Figure 5.8: This gain stage (G) is used to control the bias voltage (Vb) of the
GM-APD via a Matsusada high voltage supply. Vidac is dynamically adjusted
by the current output digital to analog converter of the PSoC3 micro con-
troller. The level of voltage adjustment is determined by the BTR di↵erence
of the system. Voffset is a fixed voltage depending on the Vbr of the GM-APD
at calibration conditions.








(Voffset) is the control voltage required to achieve Vb = Vbr at
calibration conditions. Here Vidac is the dynamically adjustable control volt-
age which is set by the PSoC3’s current output digital to analog controller
(current DACs) [132]. These current DACs can be combined and configured
(in source mode) to achieve a 12-bit current DAC to output a maximum cur-
rent of 2.048mA. A resistor (430⌦) connected to the current DAC’s output
results in a control voltage resolution of 0.64mVbit 1 and the corresponding
bias voltage resolution of 12.8mVbit 1.
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5.4 Experiment Results - BTR Technique
The performance of the BTR technique has been tested with a GM-APD by
checking its ability to detect background rates with temperature. The GM-
APD was secured into an optical trench similar to the SPEQS1.0-CS design

















Vex - 7.9 V @ 24.7oC
BTR = 0.85
Vex - 7.9 V
Figure 5.9: The GM-APD when operated at Vex ⇠ 7.9V at 24  C corresponds
to an average BTR of 0.85. The BTR maintained (at 0.85) background rates
are plotted in orange. The black data points correspond to the detected back-
ground rates when the GM-APD was operated at Vex ⇠ 7.9V by manually
adjusting the bias voltage with temperature. The blue data points represent
the background rates when Vex was fixed at ⇠ 7.9V at 24.7  C and the bias
voltage was not adjusted with the temperature.
Figure 5.9 shows the detected background rates with and without the
BTR technique. This experiment results (i.e. overlap of the two background
rates in orange and black) have concluded that the proposed BTR technique
is capable of detecting the background rates irrespective of temperature.
Figure 5.10 (a) shows the maintained BTR in the system when the set
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BTR of the system was 0.85. The corresponding excess voltages are plotted in
Figure 5.10 (b) for the BTR maintained experiment (red) and the fixed bias
voltage setting at 24.7  C (in blue). This confirms the ability of the BTR tech-
nique to maintain the Vex at its calibrated level irrespective of temperature






















Figure 5.10: (a) The BTR was set at 0.85 and the system maintained BTR
during the experiment. (b) The blue data points correspond to the excess
voltages when the bias voltage was fixed at calibration conditions (at 24.7  C
and Vex ⇠ 7.9V). The corresponding BTR maintained excess voltages are
plotted in red.
5.5 GM-APD Extended Linearity
In a previous calculation, it has been shown that when a SAP500 is reverse
biased with a 560 k⌦ ballast resistor, it will result in a reset time constant
of 1.8 µs or higher. This will be able to maintain a photon detection rate of
⇠ 111,000 counts/s at its nominal photon detection e ciency, assuming that
the photons arrive at the detector once it is fully recovered.
When photons start to arrive at the detector at higher rates and when
the arrival time is aperiodic, the GM-APD starts to loose photons and the
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photon detection becomes non linear. In a photon correlation experiment, this
will result in loss of correlations. The proposed temperature compensation
method based on the BTR technique has also extended the linearity of the
GM-APDs. This can be understood by revisiting the reset operation of a
passively quenched GM-APD.
The excess voltage transient during a GM-APD recovery follows the ex-
ponential curve given by
Vex(t) = VT (1  e t/⌧r) (5.5)
where VT = Vex is the target excess voltage (see Figure 5.6 (c)). During
this recovery transient (⇠ 5⌧r) the photo-electron detection e ciency of the
GM-APD increases from zero to its nominal value.
Any incoming photon during this time interval will produce a pulse height
proportional to the transient excess voltage (Vex(t)). If Vr is higher than the
avalanche pulse height, the sensing circuit will miss the event. The reference
voltage of the CLD cannot be made too low due to the electronic noise present
in the circuit and this condition is also not desirable as the GM-APD exhibits
time varying (and low) photo-electron detection e ciency. This causes the
system to loose photons at high incoming photon rates and results in a non-
linear response.
Assume a high photon rate impinging on the GM-APD and the photon
arrival time is aperiodic and the BTR technique is enabled. In such a situa-
tion, as Vr,t is set at a low value, almost all the top counts will be detected
by the CLD-T. But, most of the bottom pulses will pass undetected due to
their lower pulse heights.
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This causes the BTR of the system to decrease and the negative feed-
back loop increases the bias voltage until the set BTR is recovered. Once the
nominal BTR is recovered, the pulse heights should also be recovered to their
nominal values. The negative feedback loop has to increase the target excess
voltage (VT ) well beyond its nominal value to achieve this condition (at high
incoming photon rates) as ⌧r is fixed. Even though, the set VT is very high
compared to the nominal Vex, the GM-APD will continue experiencing its
nominal Vex due to high photon arrival rates. This can be checked by substi-
tuting t = 1incomingphotonrate into the equation 5.5 with the BTR maintained
VT values.
5.5.1 Experimental Results - Extended Linearity
The ability to extend the linearity of a passively quenched GM-APD using
the BTR technique has been checked with a picosecond pulsed laser system.
The laser pulses (at 800 nm) were attenuated to contain 2 to 3 photons per
pulse on average and a fiber coupled SAP500 GM-APD has been configured
to operate with a set BTR of 0.5. The performance of the GM-APD with
(red) and without (blue) the BTR technique is plotted in Figure 5.11 (a)
[133].
The passively quenched GM-APD with a fixed bias voltage (Vex ⇠ 11V,
blue) has started to show a non-linear response when the incoming photon
rate was below 150 kHz (see Figure 5.11 (a)). This photon rate corresponds
to a photon arrival time of 6.7 µs which is approximately 3.7⌧r of the detector.
When the incoming photon rate is above 700 kHz, the fix biased configuration
has already saturated the detector. The linearity of the detector response has
extended to 700 kHz which is an improvement of a factor of 7, when the BTR
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Figure 5.11: (a).The fix biased configuration (blue) has started to show its
non-linearity before ⇠ 150 kHz and eventually saturated at ⇠ 700 kHz. With
the BTR set at 0.5, the linearity response of the detector (red) has extended
up to ⇠ 700 kHz. (b) The corresponding Vex for the fix biased case (Vex ⇠
11V) is plotted in blue. The VT values set by the system to maintain the
BTR at 0.5 for each photon arrival rate are plotted in red and the e↵ective
Vex seen by the GM-APD are plotted in green. Copyright 2015 Society of
Photo Optical Instrumentation Engineers [133].
The corresponding Vex for the fix biased (blue) and with the BTR tech-
nique (red and green) are plotted in Figure 5.11 (b). From above data,
it is evident that at moderately high photon rates the system sets VT at
higher voltage values as predicted. The green data points in Figure 5.11 are
the calculated average excess voltage values based on the equation 5.5 and
t = 1incomingphotonrate .
Table 5.1 summarises the average photon detection rates and the corre-
sponding BTR values maintained by the system. By using an oscilloscope
the avalanche pulse’s quench time was measured at ⇠ 6 ns. Based on this
Cs ⇠ 1 pF (FR-4 PCB) and Rd ⇠ 282⌦ have been calculated. This resulted
in a ⌧r = 2.382 µs and used in the Vex(t) calculation. The fluctuations in
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these e↵ective Vex(t) voltages around 11V may be due to inaccuracies in

















10 7.53 7.36 10.52 10.52 0.5± 0.031
50 38.07 37.91 10.06 10.06 0.51± 0.028
100 76.59 76.04 10.06 9.90 0.54± 0.043
200 150.78 152.81 12.02 10.54 0.52± 0.015
500 348.32 387.83 22.21 12.62 0.49± 0.029
600 407.96 465.23 25.87 13.02 0.5± 0.024
700 434.35 537.91 29.80 13.44 0.5± 0.012
800 198.34 604.68 32.05 13.09 0.19± 0.006
Table 5.1: The input photon rates and the detected photon rates (at Vex ⇠
11V) after deducting for background rates are tabulated in columns 1 and
2 respectively. The third column shows the detected count rates when the
BTR technique was enabled. The VT set by the system to maintain the BTR
at 0.5 and the calculated Vex(t) are presented in the next two columns. Here
Vex(t) has been calculated based on the Equation 5.5. Finally, the average
BTRmaintained is tabulated in the last column. The high values in calculated
Vex(t) at high count rates are may be due to inaccuracies involve in estimating
Rd and Cs.
This modified circuit has been adopted to the SPEQS1.0-CS design and
the integrated devices have already detected singles at ⇠ 350,000 counts/s
while maintaining the excess voltage at a fixed value irrespective of temper-
ature and incoming photon rate.
The final section of this dissertation will describe a new technique that
can be integrated with GM-APD electronics to observe avalanche pulse height
properties while detecting photons at high rates (few Mcps). This technique
may be adopted to the SPEQS2.0-ES design with the BTR technique.
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5.6 Active quenching circuits
For the SPEQS2.0-ES design, the single photon detection system should be
capable of detecting ⇠ 0.5 Mcps coincidences per measurement basis. With
e cient BBO based SPDC sources [134], each GM-APD will be required to
detect single photons ⇠ 2.5 Mcps.
The main drawbacks of passively quenched GM-APD circuits are their
non-linear, saturated responses at moderately high incoming photon rates (⇠
0.5 Mcps) and the not precise dead times (i.e. time varying photo-electron
detection e ciencies). These two limitations directly a↵ect photon correlation
experiments at high incoming photon rates as low number of correlations are
detected in the non-linear regime. Both these e↵ects are due to the passively
quenched circuit design and GM-APD’s inherent timing properties are not
fully exploited.
A better way to detect high single photon rates with good linearity is by
means of actively quenched GM-APD circuits. Unlike a passively quenched
circuit, in an actively quenched circuit, the circuit reacts back on the GM-
APD to quench an avalanche as soon as it is sensed. Then, a precise dead time
is maintained (this depends on the temperature and the GM-APD design)
before reseting the GM-APD for subsequent photon detection.
5.6.1 Pure Actively Quenched Circuits
The first actively quenched type circuit was reported by Antognetti et al. in
1975 [135]. Later, Cova et al. introduced an actively quenched circuit which
reacts on the opposite terminals of a GM-APD in 1982 [136] and Brown et al.
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devised a fast actively quenched circuit for photon correlation experiments in
1987 [137].
The basic idea of a pure actively quenched circuit involves in sensing an
onset of an avalanche and reacting back on the GM-APD’s bias voltage to
cease the avalanche. A threshold detector (e.g. a CLD) senses the onset of an
avalanche and energises a quenching circuit to maintain the GM-APD’s bias
voltage below its Vbr for a certain period of time known as the quench time
(typically few tens of ns). Later, a reset circuit will bring the bias voltage
back to its operating level with in few ns and the GM-APD will be ready
to detect the next photon. These circuits allow a GM-APD to operate at
well known dead times (in ns range) and the time dependent photon-electron
detection e ciencies during the recovery are reduced to few ns.
In these circuits, quenching times in nano seconds scale may cause high
level of after pulsing in GM-APDs [41]. After pulsing is a re triggering phe-
nomenon due to trapped carriers from a previous avalanche. This e↵ect is
quite high at low temperatures due to much longer carrier trapping times. So
after an avalanche is actively quenched, the bias voltage is maintained below
the Vbr for an extra period of time to reduce after pulsing which is known as
the hold-o↵ time. Thus, the dead time of an actively quenched circuit consists
of the quenching delay, quench time, hold-o↵ and reset time.
These quenching and reset circuits are practically implemented with either
pulse-booster circuits [137], [138] or with electronic switches connected to
di↵erent voltage sources for quenching and resetting [127], [139]. An electronic
switch based quenching and reset circuits exhibit low power dissipation (at












Figure 5.12: The avalanche pulse is sensed via a CLD and the control logic
activates the quench circuit (Vq) through Sq. This e↵ectively reduces the bias
voltage of the GM-APD below Vbr. After the quench and hold-o↵ time, the
control logic deactivates Sq and connects Sr to the reset circuit. Here Vq
is the quench voltage which is chosen few V higher than Vex to quench an
avalanche properly.
this development a switching based quenching and reset circuitry have been
adopted. The circuit diagram shown in Figure 5.12 illustrates the switching
concept and in a pure actively quenched circuit, Rq is set to zero or limited to
a low resistor value (a few k⌦) to limit the avalanche current. The next section
reviews the avalanche pulse properties which are important when designing
power e cient circuits.
5.6.2 Avalanche Pulse Properties
In an actively or passively quenched circuit, the maximum avalanche current
flows through the GM-APD until it is quenched. In an actively quenched
circuit, the time required to quench the avalanche (TW ) depends on the rise
time of the avalanche pulse (Tac) and the circulation time of the quenching
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loop (TL) [129]. This quenching delay in the circuit design has to be minimised
in order to reduce GM-APD’s heating and after pulsing, especially when
detecting high photon rates.
This quenching delay can be reduced by either using fast electronics (e.g.
emitter coupled logic (ECL)) or by optimising the avalanche pulse’s temporal
properties (i.e. charge flow through the diode). The usage of ECL electronics
has not been considered due to relatively high power requirements and neg-
ative power supplies. Instead, the temporal properties of passively quenched
avalanche pulses have been exploited. This section reviews the properties of
actively and passively quenched avalanche pulses.
The total charge (Qac) flowing through the junction of a GM-APD in a
pure actively quenched circuit is given by Qac =
Vex
Rd
[Tac2 + TL] [129] and the




On the other hand, in a current mode output passively quenched circuit,
the total charge (Qpc) flowing through the GM-APD during an avalanche is
given by Qpc ⇡ (Cd+Cs)Vex = Vex⌧qRd and the corresponding energy dissipation
per pulse is Epc ⇡ QpcVbr = VbrVexRd ⌧q. Here ⌧q (= Rd(Cd +Cs)) is the quench
time constant of the avalanche pulse [129]. From this, it is clear that if
TW > ⌧q, the actively quenched circuit results in higher charge flow through
the junction (Qac > Qpc) and higher power dissipation (Epc < Eac).
Typical circuit parameters for SAP500 GM-APDs are Vbr = 120V, Vex =
10V, TW = 6ns (measured), Rd ⇠ 300⌦, Rq = 560 k⌦ and Cd +Cs = 4.3 pF
(for a FR-4 based PCB). This gives ⌧q = 1.3 ns which is lower than TW .
This results in Qpc = 43pC and Qac = 200 pC with the corresponding energy
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dissipations Epc = 5.16 nJ and Eac = 40nJ respectively.
Given these typical operating conditions, a passively quenched avalanche
pulse results in lower charge flow and energy dissipation per pulse inside the
junction. Thus, GM-APD’s heating and after pulsing can be minimised by
incorporating passively quenched avalanche pulses. The drawbacks of not
having precise and micro second scale dead times associated with passively
quenched circuits can be addressed by incorporating actively reset circuits.
Thus, for this development a passively quenched-actively reset type circuit
has been adopted as described by Cova et al. [129].
5.6.3 Passively Quenched-Actively Reset Circuits
Mixed passively quenched-actively reset circuits with di↵erent configurations
are reported by Lightstone et al.[139], Regan et al [140], Tisa et al. [141] and
Ghioni et al.[142]. In Lightstone’s design the passively quenched circuit is
based on voltage mode output [129] and a FET switch has been introduced
between the ground and the cathode of the GM-APD. In this configuration
the GM-APD is biased using a negative voltage supply and the FET switch
can e↵ectively reset the GM-APD after an avalanche. Here the switching
voltages are in the order of Vex with respect to the ground of the circuit.
Such a circuit may not be suitable for SPEQS designs mainly due to the poor
detector timing properties associated with voltage mode output circuits [129]
and very low negative bias voltage requirements.
Current mode output passively quenched circuits are preferred for ex-
periments where accurate photon arrival timing is required, especially, at
very high incoming photon rates. Due to the design complexities, such as a
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MOSFET operating at high voltage side to reset the GM-APD and possible
spurious signal generation on the CLD during quenching and reset, such a
circuit has not been reported to date.
A di↵erent current mode output circuit can be used with an actively
reset circuit as described by Regan et al. [140]. In this circuit, the ballast
resistor is connected to the anode side of the GM-APD and a FET switch
connected across the ballast resistor resets the detector. In this circuit design,
the avalanche is completely quenched by the passive circuit and due to the
absence of a quenching voltage (Vq) for a well defined period, high levels of
after pulsing has been reported. Tisa et al. [141] reported a similar circuit,
but it has included an actively quenched circuit to mitigate after pulses.
For this experiment, I have adopted a similar mixed circuit design pro-
posed in [141] with an extra actively quenched circuit to maintain the Vq after
passively quenching an avalanche.
5.6.4 Implementation - Passively Quenched Circuit
The adopted passively quenched circuit design is shown Figure 5.13 (a). This
configuration is slightly di↵erent from the previous design (Figure 5.7) as the
ballast resistor is connected to the anode side of the GM-APD and its cathode
voltage is always maintained at Vb. Thus, an avalanche pulse will create a
voltage drop across theRq and the anode voltage will be increased accordingly.
This will e↵ectively reduce the voltage across the GM-APD (below Vbr) and
ceases the avalanche.
This circuit passively quenches an avalanche when VexRq < 50 µA for SAP500.



















Figure 5.13: a) The modified current mode output passively quenched circuit.
An avalanche pulse causes the anode voltage to increase (due to Rq voltage
drop) such that the voltage drop across the GM-APD falls below Vbr and
ceases the avalanche. b) The avalanche quenches within ⇠ 6 ns and the pulse
shape is similar to Figure 5.7 (b), except for the low pulse height due to the
high impedance present in the sensing path.
as 24V of excess voltage. Later, the voltage at the anode discharges back
to zero through Rq + Rs with a time constant of Ca(Rq + Rs) where Ca is
the capacitance present at the anode terminal. Figure 5.13 (b) shows an
oscilloscope measured avalanche pulse at Rs.
In this circuit, the avalanche is passively quenched within ⇠ 6 ns which
is comparable to the passive quenching circuit where the Rq is connected to
the cathode of the GM-APD (Figure 5.7 (b)). An active quench and reset
circuits can be connected to the anode of the GM-APD to achieve the mixed
circuit design.
5.6.5 Passively Quenched-Actively Reset Circuit
The mixed circuit implementation is shown in Figure 5.14. Here a CLD
(LT1720) senses the onset of an avalanche and generates a digital pulse. Sub-
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sequently, a fanout IC (CDCV304) generates few copies of this digital signal as
the LT1720 IC does not generate a complementary output. One of these sig-
nals activates the actively quenched circuit (i.e. Vq) for a pre-defined quench
+ hold-o↵ time. The measured delay between the onset of an avalanche and
energising this circuit also falls ⇠ 6 ns and by that time the passively quenched















Figure 5.14: The schematic of the passively quenched-actively reset circuit.
The passively quenched circuit is connected to the actively quenched and reset
circuits at GM-APD’s anode. Here a MOSFET switch combination (n and
p type) activates Vq to apply further quench and hold o↵ to the GM-APD.
Finally, a time delayed digital pulse activates the n-MOSFET to reset the
GM-APD.
At this point, the anode voltage of the GM-APD is close to Vex and the
actively quenched circuit will further increase this to Vq and makes sure the
quench process is complete. Later, a time delayed digital signal (after quench
and hold-o↵ time) will activate the n-MOSFET connected between the anode
of the GM-APD and the ground, for a pre-defined period (< 5 ns) to reset the
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detector. During this whole time period, the output of the CLD is grounded
(not shown in the schematic) to prevent any unwanted triggers due to spurious
signals induced by the Vq. The detected rates has shown no di↵erence with
and without this circuit (n-MOSFET).
5.6.6 Circuit Performance
This passively quenched-actively reset circuit has been implemented on a FR-
4 based PCB and tested with a fiber coupled SAP500 GM-APD as shown in
Figure 5.15.
Figure 5.15: The passively quenched-actively reset circuit has been imple-
mented on a (FR-4) PCB. A fiber coupled GM-APD (SAP500) was mounted
on a double stage TEC with a temperature controller during all the experi-
ments.
A SPDC based correlated photon pair source has been optimised to pro-
duce daughter photons at 760 nm and used to evaluate the performance of
the circuit. The excess voltage of the GM-APD was fixed at 13.9V and the
Vq was set at 24V with an actively quenched and hold-o↵ time of 50 ns. The
dead time of the circuit is measured at ⇠ 60 ns. The response of the GM-
APD has been checked at the room temperature (i.e. with no temperature
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controlling) and plotted in Figure 5.16 (orange). The detector response was
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Figure 5.16: The bias voltage of the GM-APD was fixed such that Vex =
13.9V at room temperature (22  C) and the response of the detector is plotted
in orange. Then, the temperature of the GM-APD has lowered down to 21  C
(red), 15  C (green) and 1.8  C (black) without changing the bias voltage
and other circuit parameters. A significant improvement in linearity and the
saturation point of the response have been observed at lower temperatures.
Then, the GM-APD was cooled down to 21  C (red) without changing
any other circuit parameter (i.e. bias voltage, quench voltage and dead time
etc.). The saturation point of the detector has slightly improved to ⇠ 1.7
Mcps. The response of the detector has further been checked at 15  C (green)
and 1.8  C (black) without changing the room temperature circuit parame-
ters. A considerable improvement in linearity and saturation point of the
detector have been observed at lower temperatures. The GM-APD was ini-
tially operated at Vex = 13.9V at 22  C and the e↵ective excess voltage at
1.8  C will be ⇠ 18.9V with an experimentally determined Vbr temperature
coe cient of 0.25V  C 1.
Similar SAP500 GM-APDs operated at 2  C and 20  C with an excess
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voltage of 15V has shown (with 26 ns dead time) after pulsing probabilities
of ⇠ 2% and ⇠ 1% respectively [143]. By linearly extrapolating the  10  C
after pulsing probability curve up to 19V [143], an upper bound of ⇠ 4%
after pulsing probability at 1.8  C can be quoted. This probability has to be
even lower given the fact that the quenching voltage (24V) was maintained
for 50 ns after passively quenching an avalanche. This dead time is almost a
factor of 2 compared to reported dead times on similar detectors [143] and
should be adequate to suppress most of the after pulses.
In this experiment, lowering down the GM-APD’s temperature with a
fix biased voltage setting (at 22  C) will result in an e↵ective increase in
the excess voltage. For the SPEQS2.0-ES design cooling down the detectors
and the optical trench may still not a viable option. This experiment has
already demonstrated that at higher excess voltages (by cooling down the
GM-APD) the linearity and saturation point of GM-APD’s response curve
can be improved.
It also suggests that the heat dissipated by the avalanche pulses at the
junction might be reducing the e↵ective excess voltage, especially at high
photon rates. This hypothesis can be checked by observing the passively
quenched avalanche pulse height as it is proportional to the excess voltage.
A new in-situ avalanche pulse height measurement technique has been intro-
duced to check this e↵ect and used to improve the linearity and saturation
point of uncooled GM-APD response at room temperature.
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5.6.7 An in-Situ Avalanche Pulse Height Measurement Tech-
nique
The temperature dependent avalanche pulse height property of a GM-APD
has already proven its usefulness with the BTR technique and can be applied
to passively quenched-actively reset circuits to infer temperature information
of the GM-APD.
At very high incoming photon rates (several Mcps), thermal dissipation
of avalanches pulses causes the temperature of the junction to rise and e↵ec-
tively reduce the excess voltage. For instance, in the above mentioned pas-
sively quenched-actively reset circuit, at a pulse detection rate of 1.5 Mcps,
the junction dissipates ⇠ 7.7mW of heat (passively quenched pulse). Due to
high thermal resistances reported (typically 1  CmW 1) [142], the junction
temperature can be quite di↵erent (by 7  C to 8  C or more) from the case
temperature of a GM-APD. In the above experiment, an external thermo-
couple attached to the Cu holder in which the GM-APD was placed showed
a temperature increase no more than 0.5  C at these high count rates (1.6
Mcps).
Figure 5.17 shows a modified passively quenched-actively reset circuit
which can be used to carry out in-situ avalanche pulse height measurements
of GM-APDs. In this circuit, a digital-to-analogue-converter (DAC) has re-
placed the fixed Vr.
Typically, in an avalanche sensing circuit, the reference voltage (Vr) of the
CLD is fixed and an onset of an avalanche is sensed when the pulse height














Figure 5.17: The modified passively quenched-actively reset circuit design
to carry out an in-situ avalanche pulse height measurements while detecting
photons. The fixed reference voltage is replaced by a digital-to-analogue-
converter (DAC) and by varying its output voltage, a pulse height histogram
can be constructed.
amplitude higher than Vr. Thus, by varying Vr at a fixed incoming photon
rate, an avalanche pulse height histogram can be constructed.
This technique has been first checked with a GM-APD’s background rates
at three di↵erent temperatures to verify the circuit design and the method.
Figure 5.18 (a) shows the detected background rates when Vr is varied and
the corresponding pulse height histogram is plotted in Figure 5.18 (b).
The pulse height histogram is constructed based on the following proce-
dure. Assume that at a Vk reference voltage, the CLD registers Ck number of
pulses and at Vk+1 (> Vk) it detects Ck+1 number of pulses. Thus, Ck Ck+1
represents the number of avalanche pulses where pulse heights lie in between
Vk & Vk+1. The overlapped histograms in Figure 5.18 (b) indicates that this
technique and the circuit can produce avalanche pulse height information















































Figure 5.18: a). The background rates of SAP500 GM-APD when Vex =
13.9V at 10  C, 15  C and room temperature (RT). The background rate at
each temperature was monitored by changing the Vr at 9.6mV steps. b). The
constructed avalanche pulse height histogram of the GM-APD at di↵erent
temperature settings.
This measurement technique can be used to carry out in-situ pulse height
measurements of GM-APDs while detecting photons. Thus, the e↵ective
excess voltage present at the junction at high incoming photon rates can be
inferred by looking at the median of the pulse height histogram.
The same fiber coupled SAP500 GM-APD (quench and hold-o↵ time
50 ns) and the correlated photon pair source used in Figure 5.15 experiment
have been used with the modified circuit to carry out in-situ avalanche pulse
height measurements. The avalanche pulse height distribution of the GM-
APD background rate at Vex = 13.9V has been considered as the reference
pulse height. The pump power of the SPDC source has increased in steps
to produce photon rates at 0.107, 0.214, 0.535 and 1.070 Mcps and the GM-
APD’s pulse height distributions have been constructed as shown in Figure
5.19.




























Figure 5.19: The same fiber coupled SAP500 GM-APD (Figure 5.15) was
tested with the new technique (Vex = 13.9V). The GM-APD was exposed
to input photon rates at 0.107, 0.214, 0.535 and 1.070 Mcps and the cor-
responding avalanche pulse height histograms are plotted on the same axis.
The counts / bin are normalised with respect to the maximum detected rate
(when Vr = 20mV) at each photon arrival rate. It is observed that at high
incoming photon rates the mean pulse height shifts to left with respect to the
reference (background) pulse height.
height can only be a↵ected by increasing the junction temperature. This
technique has enabled a compact, non perturbing way of inferring the tem-
perature information of the GM-APD while detecting photons. The ability to
extend the linearity and saturation point of the GM-APD response has also
been checked by adjusting the excess voltage by monitoring the pulse height
distribution.
5.6.8 GM-APD Pulse Height Correction
In all these experiments, the background rate related pulse height distribution
at a given excess voltage (here 13.9V) has been considered as the reference
pulse height to be maintained. This is based on the assumption that at these
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background rates (⇠ 20,000 cps) the heat dissipation (⇠ 0.1mW) of the GM-
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Vex = 13.9 V
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Figure 5.20: The GM-APD’s background rate pulse height distribution at
room temperature is plotted in red (Vex = 13.9V) for both experiments. a).
The avalanche pulse height distribution can be recovered back to the reference
pulse height at 0.107 Mcps by increasing the Vex from 13.9V to 15.0V. b).
At 1.070 Mcps incoming photon rate the avalanche pulse height distribution
cannot be recovered back to its reference pulse height above a certain excess
voltage (Vex = 20.57V).
The ability to recover the pulse height at higher count rates has been
checked at room temperature by increasing the excess voltage in fixed steps
(0.55V). Figure 5.20 shows the pulse height histograms with this technique
at an incoming photon rates of 0.107 Mcps (a) and 1.070 Mcps (b).
This avalanche pulse height correction technique was e↵ective up to 0.535
Mcps. Above this point, an increase in excess voltage (above a certain value)
has no e↵ect on recovering the avalanche pulse height (see Figure 5.20 (b)).
The specific reason for not recovering the avalanche pulse height distribution
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Figure 5.21: The response of the SAP500 GM-APD under a fixed excess
voltage (13.9V) is plotted in orange. The linearity and the saturation point
has improved when the detector cooled down to 1.8  C without changing the
circuit parameters at room temperature (black). The response of the detector
with the new avalanche pulse height correction method is plotted in red.
This avalanche pulse height correction technique has improved the lin-
earity and saturation point of the GM-APD compared to its fixed Vex con-
figuration. Figure 5.21 shows the avalanche pulse height corrected (up to
1.070 Mcps) and under a fixed excess voltage (Vex = 13.9V) response curves
of the SAP500 GM-APD at room temperature. The linearity and the satu-
ration point improvement obtained by correcting the avalanche pulse height
at room temperature is slightly better compared to the cooled GM-APD re-
sponse obtained at 1.8  C (Figure 5.16).
All the operating conditions and the corresponding photon detection rates
are tabulated in Table 5.2. Here the expected incoming photon rates are
obtained based on the corrected avalanche pulse height at 0.110 Mcps at
15.01V (Figure 5.20 (a)).





















0.110 0.108± 0.001 0.109± 0.004 15.01 0.110± 0.001
0.220 0.188± 0.002 0.200± 0.005 16.13 0.206± 0.004
0.550 0.408± 0.005 0.429± 0.008 18.35 0.462± 0.007
1.105 0.707± 0.007 0.737± 0.007 20.57 0.825± 0.013
1.658 0.952± 0.012 1.037± 0.013 22.80 1.151± 0.013
2.210 1.141± 0.010 1.312± 0.014 24.91 1.454± 0.013
2.763 1.310± 0.012 1.548± 0.017 24.91 1.690± 0.021
3.315 1.400± 0.021 1.777± 0.025 24.91 1.872± 0.020
3.868 1.322± 0.021 1.976± 0.023 24.91 2.058± 0.021
4.420 1.245± 0.020 2.131± 0.032 24.91 2.211± 0.027
Table 5.2: The column 1 has tabulated the expected incoming photon rate to the
GM-APD from the SPDC photon pair source. The detected photon rates at room
temperature when Vex = 13.9V are presented in the next column. The detected
photon rates at 1.8  C experiment (Figure 5.16, black) are tabulated in the third
column. The pulse height corrected excess voltage settings and the corresponding
photon detection rates are tabulated in last two columns respectively.
proved by increasing the excess voltage systematically using the new in-situ
avalanche pulse height measurement technique. This pulse height correction
method was e↵ective up to a certain input photon rate (⇠ 0.55 Mcps) and
this level of linearity improvement is marginally su cient for a SPEQS2.0-ES
experiment.
5.6.9 Future Work
The above mentioned pulse height measurement technique can be used to
calibrate a GM-APD with its background rates. This calibration determines
the relationship between the avalanche pulse height and the excess voltage
at a fixed temperature. Later, this can be used to estimate the reduction in
excess voltage (with pulse height information) when the GM-APD is detecting
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photons. By applying correct amount of extra bias voltage the excess voltage
can be restored to its nominal value. Also, by collecting such data for few
di↵erent incoming photon rates, the thermal properties of the junction can
be estimated.
The above experiment was conducted by manually changing the excess
voltage of the GM-APD based on the extracted pulse height distribution at all
incoming photon rates. In an automated experiment (e.g. in SPEQS2.0-ES)
the BTR technique can be integrated to this circuit to automatically adjust




The advent of quantum computers and the proposed quantum algorithms
which can perform some computational tasks e ciently compared to their
classical counterparts. It will obsolete most of the contemporary classical
cryptographic techniques which rely on computational di culty of certain
mathematical functions. In post quantum era, provably secure crypto systems
such as one time pads and quantum safe crypto systems will be in demand.
Quantum key distribution protocols allow two parties to generate random,
symmetric keys in an e cient manner. Later, these symmetric keys can be
used as one time pads or with quantum safe symmetric key algorithms to
achieve secure communication. In quantum key distribution, the security of
the crypto system is traced back to the fundamentals of quantum physics and
quantum entanglement is a key resource used to generate symmetric keys.
Entanglement distribution with photonic qubits have been demonstrated
over hundreds of kilometers in free space. Such demonstrations have proved
that the current metropolitan distance QKD networks can be extended be-
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yond city limits with the aid of free space quantum channels. Drawbacks of
free space systems are the requirement of line of sight optical ground stations
and the accumulated atmospheric attenuation experienced by the photons
over horizontal distances. Instead of sending photons in horizontal distances,
by choosing to operate from space photons will experience less atmospheric
e↵ects such as attenuation, thermal and humidity gradients, foggy conditions
etc. Hence, space to ground quantum channels may be exploited to realise
long distance quantum communication networks.
Since the Earth’s atmosphere extends only to few tens of kilometers from
its surface such a solution looks technologically sound and feasible. At the
point of writing this thesis there are ongoing e↵orts around the globe to
achieve space to ground QKD links with large satellites. But, all these
projects implicitly assume that entangled photon pair sources can be safely
launched into space (a rocket launch followed by a deployment mechanism)
and reliably operate under space conditions over time. To date nobody has
demonstrated that an entangled photon source can reliably operate in space.
Over the past two decades, a nanosatellite standard called CubeSat has
been emerged and widely accepted among researchers around the globe as
a cost e↵ective way to bring scientific experiments in to the low earth or-
bit. Due to faster development cycles and cost e↵ective platforms they are
quite suitable for technology readiness demonstration purposes and iterative
missions.
We have proposed an iterative CubeSat mission approach to demonstrate
the technology readiness level of polarisation entangled photon pair sources in
the low earth orbit. For single photon generation, the experiment has adopted
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spontaneous parametric downconversion process of non-linear crystals. In the
pathfinder mission, a reduced crystal geometry (one crystal) has been chosen
to validate the optical, mechanical and opto-electronics designs which are
required to build polarisation entangled photon pair sources.
The CubeSat concept has ruled out using any thermo electric coolers
for temperature stabilisation, mainly, due to power and volume constraints
imposed by the satellite. Thus, the opto-electronics were designed to mitigate
temperature induced brightness and visibility fluctuations on the photon pair
source along the orbit. Such an integrated instrument was tested in a weather
balloon before integrating it to a CubeSat. The performance of the instrument
during the balloon flight gave su cient confidence to deploy a newly built
correlated source with a CubeSat.
After an in-house qualification and flight model satellite environmental
test campaign, the scientific instrument was accepted for the satellite mission.
The experiment was first turned on in space on the 36th day since launch
and found out that it was operational. Subsequently, the performance of
the source has been monitored over a period of nine months and e↵ects of
radiation on opto-electronics components were also recorded. The source
continued to produce high quality correlations at similar operating conditions
during this period and verified the technology readiness level of the design.
During this mission, we have identified that the flexure stage which was
holding the non-linear crystal has some temperature sensitivity. This me-
chanical part has been redesigned with low coe cient of thermal expansion
material (Titanium) with increased strength and will be used in upcoming
missions. Also, the liquid crystal based polarisation rotators exhibited ro-
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tation angle dependent phase shift with temperature. A novel closed loop
temperature compensated electronics driver has been designed and tested.
This driver will be integrated to the next generation electronics platforms to
host entangled photon pair sources.
The e↵ects of radiation damage was observed on single photon detectors
as an increase in background rates. Under similar operating conditions (tem-
perature and orbital phase) the background rates went up over time further
confirming the accumulated radiation damage. This behaviour was predicted
by the in-house radiation tests and the models developed to predict radiation
damage has started to converge with the real data at higher background rates.
In the SPEQS1.0-ES design a radiation shield with specific thickness (based
on Earth tests) will be incorporated to the mechanical design to mitigate
radiation e↵ects on opto-electronics.
The electronics platform reported in this thesis can be customised to host
an entangled photon pair sources under di↵erent environments. For instance,
such a portable entangled photon pair source can be put on a moving body
(e.g. drones, airplanes, ships etc.) and do a ground to air entanglement
distribution and QKD experiments. Such experiments would allow us to tap
into new research areas where QKD resources can be practically deployed.
In addition to that, satellite to satellite entanglement and QKD experiments
can be performed with such compact photon pair sources. In order to succeed
in these experiments, optical telescope systems with micro radian pointing
accuracy will be needed. I believe, such telescope systems will be available
in near future which can be coupled with the CubeSat form factor entangled
photon pair sources to facilitate long distance QKD demonstrations.
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Experiment Profiles of the
SPEQS1.0-CS
The SPEQS1.0-CS instrument has been programmed with 16 profiles which
can be activated via a 2 byte command code sent from a ground station. In
case, no command code has been uploaded to the satellite, a default pro-
file (0x10) performs a correlation detection experiment. The following table
summarises the parameters used for each profile in the Galassia mission. It
is noted that some of these parameters like turn on temperature depend on


































0x10 10 3 21 CP 500 NA 18.7
120-
165
0x30 10 3 21 CP 500 NA 12.4
120-
165
0x31 10 3 21 CP 500 NA 23.6
120-
165
0x32 10 3 21 CP 320 NA 18.7
120-
165
0x33 10 3 21 CP 500 NA 18.7
135-
180
0x34 5 3 8 CP 320 NA 12.4
120-
165
0x35 10 3 21 CC NA 37 18.7
120-
165
0x36 10 3 21 CC NA 34 18.7
120-
165
0x37 0 23 0 NA NA 0 NA
120-
165
0x38 10 3 21 CC NA 37 18.7
120-
165
0x39 0 0 0 NA NA NA NA
120-
165
0x3A 0 0 0 NA NA NA NA
120-
165
0x3B 10 3 18 CP 500 NA 18.7
120-
165
0x3C 10 3 18 CC NA 37 18.7
120-
165
0x3D 10 3 8 CC NA 37 12.4
120-
165
Table A.1: The di↵erent experimental profiles which have been optimised
to collect data under di↵erent circumstances with the SPEQS1.0-CS device
on board the Galassia spacecraft. Here CP and CC correspond to constant
power and current operations of the laser diode and the turn on temperatures




B.1 SPEQS1.0-CS Post Explosion Performance
The GomX-2 satellite was recovered from the crash site and found out that it
was operational. Subsequently, the SPEQS1.0-CS payload was turned on with
the default profile (0x10) and checked the main opto-electronic subsystems:
the laser diode, polarisation rotators and the single photon detectors and
finally, checked the performance of the source. Table B.1 shows the operating
conditions before and after the explosion.
Parameter baseline post explosion
Laser threshold (mA) 27.8 27.8
Laser power (mW) 12 12
GM-APD background rate (/s) 13,000 14,500
Table B.1: The operating conditions of the LD and GM-APDs of the
SPEQS1.0-CS device at room temperature [96] before and after the explo-
sion. The GM-APD background rate represents the average value of the two
detectors as they have similar level of background rates.
The performance of the post explosion correlated photon pair source was
satisfactory as the visibility of the device reported 94±2% and the established
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baseline was 95±1%. The correlation curves of the default and backup profiles
(fixed and rotating LCPRs are swapped in the backup profile) showed right
shifts after the explosion at room temperature. This indicated a reduced
ability to maintain the same polarisation rotation angle for a given LCPR
voltage. The baseline and post recovery correlation curves are plotted in











































Figure B.1: The correlation curve (top) of the default profile before and after
the explosion. The response of the LCPR (bottom) has also been plotted on
the same axis. A right shift has been observed for both curves which is due
to the reduced ability to maintain the same rotation angle at a given voltage
to the LCPR. Image courtesy of Scientific Reports [96].
In both experiments, it is noted that the brightness of the device has
not changed significantly. As spectral filters (⇠10 nm bandwidth) have been
placed in between the LCPRs and GM-APDs any significant drift in the
optical source would result in reduced brightness.
The reduced performance of the LCPR response can be attributed to ther-
mal and mechanical shock experienced by the liquid crystal and the electronic











































Figure B.2: The performance of the back up profile before and after the
explosion. Both the correlation (top) and LCPR response (bottom) curves
have been shifted right after the explosion and the brightness of the device
has not a↵ected significantly. Image courtesy of Scientific Reports [96].
degradation.
As no house keeping data available from the satellite during the explosion
it is only possible to state an upper bound on the thermal environment based
on the satellite status. The antenna deployment mechanism of the satellite
relies on heating cable-ties at 144  C for few seconds and the satellite was
found with non deployed antennas. It can be concluded that the satellite
internal components might not have reached that temperature. In addition
to that any temperature above 90  C can lead to permanent damage to liquid
crystals which cannot be ruled out in this scenario.
Despite the reduced performance in LCPR’s response, the SPEQS1.0-CS
device continued to produce high quality correlations after the explosion.
This justifies the chosen opto-electronics and the crystal assembly and gluing
techniques for the design.
180
